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An observation which has become well established is that certain green 
plants (e.g., some of the green algae) are able to produce their chlorophyll 
in the dark. The experimental data characterizing the pigments so pro- 
duced, however, are indeed meager. It therefore has seemed advisable to 
reinvestigate the pigments formed by such plants in the dark with the im- 
proved spectroscopic methods now available. In the first place there is 
no conclusive evidence that tells whether or not chlorophyll b is formed in 
darkness. Secondly, it is to be hoped that a study of these rather exceptional 
eases of chlorophyll formation in the dark may well be a foothold in the 
study of the general process of pigment development. And thirdly, it is 
conceivable that spectroscopic differences between ‘‘light’’ and ‘‘dark’’ pig- 
ments might be found which could later be correlated with the beginnings 
of photosynthesis. 

This paper is therefore a report of the data so far obtained in a spectro- 
scopical and physiological study of the pigments formed by green algae 
in the dark. 

Although it had previously been noted (e.g., HenvricHer (7), SCHIMPER 
(15), and Kuess (8) ), the first unqualified demonstration of the greening 
by algae in the dark seems to have been made by BrtJwErINcK (3) in 1890 on 
a pure culture of Chlorosphaera limicola.'. A later paper by the same worker 
reported (4) that various pure cultures of green algae (including Chlorella 
vulgaris, Stichococcus bacillaris, and Scenedesmus acutus) had been grown 
for several years in absolute darkness. The cultures developed quantities 
of green cells which again became autotrophic when brought into light. The 
work of ArTARI (1) also demonstrated the greening of algae and lichen 
gonidia in darkness. Erarp and BourHac (6) compared spectroscopically 

1A colored plate shows green cells that had been grown in the dark on a sucrose- 
peptone gelatin. 
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the alcoholic extracts of the blue-green alga, Nostoc, grown on sugar solu- 
tion in darkness with extracts of green leaves. Their methods gave no 
significant differences between the two. Rapats (14) made a somewhat more 
detailed spectroscopic study of the alcohol and carbon disulphide extracts 
of parallel light and dark cultures of Chlorella vulgaris. He obtained iden- 
tical absorption spectra for the extracts of the two cultures. In addition 
to the ‘‘end absorption’’ below 511 my he observed three absorption bands 
with mean axes at 667, 618, and 577 my. His carbon disulphide extract 
gave bands with mean axes at 679, 659, 625, and 583 my. The occurrence 
of a distinct additional absorption band in the red at 659 my for the carbon 
disulphide extract suggests the presence of the b component. It is rather 
difficult, however, to see why the alcoholic extracts failed to show a similar 
band. And by analogy to the absorption curves in other solvents (e.g., 
ZSCHEILE (25)) it seems rather surprising that a chlorophyll b peak would 
show up so clearly in this region unless the ) component were present in an 
unusually high proportion. 

DaNGEARD (5) cultivated Scenedesmus acutus for eight years in darkness 
and found that it maintained its green color. The algae brought into light 
at the end of that time showed within five hours a photosynthetic activity 
(liberation of bubbles of oxygen). Unfortunately DANGEARD’s technique of 
observing photosynthesis was neither rapid enough nor sufficiently quanti- 
tative. Considerable pigment changes might have taken place in less than 
five hours or might still have been going on at the end of that time (ef. 
SEYBOLD, 16). 

While the available data are consistent with the view that the pigments 
formed in darkness by certain green algae are photosynthetically effective, 
in the light of more recent knowledge it has seemed advantageous to rein- 
vestigate this problem with the improved methods of pigment study and 
photosynthesis measurement now available. 

Since the completion of the experimental work of this paper, there has 
come to the author’s attention the recent publication of van Hie (22). 
Incidental to his study of the relation between rate of photosynthesis and 
chlorophyll content this worker studied Chlorella pyrenoidosa grown in 
darkness. He states that methanol extracts of cells grown in light and in 
darkness showed the same absorption spectra, although he includes no data 
and apparently worked only at wavelengths greater than those absorbed by 
the carotenoids. VAN Hite also found for cells grown in darkness (p. 748) 
that ‘‘The readings per half-hour of photosynthetic measuring are constant 
from the beginning and show the normal time of induction (Smrru, 1937).’’ 
Again no data are included. Although vAN Hitie’s findings have been 
duplicated, the present paper is considered justified by the more detailed 
and comprehensive data obtained. 
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Spectroscopy of the pigments 


Three species of green algae were used in this study: Chlorella vulgaris, 
Protococcus sp., and Chlorococcum sp. These were grown in pure culture on 
the agarized Detmer’s solution diluted to 4 as recommended by Meter (11) 
in flat one-liter medicine bottles with loose cotton plugs. Bacteriological 
technique was observed. Three parallel series were used: (1) in darkness 
with added organic nutrient; (2) in light with added organic nutrient; 
(3) in light without added organic nutrient. Added organic nutrient con- 
sisted of 0.5 per cent. dextrose and 0.2 per cent. peptone. Cultures in light 
were continuously illuminated by tungsten filament bulbs with Corning 
Aklo filters to reduce the infra-red. Intensity at the level of the cultures 
was 65 foot candles as recorded by the Weston photronie cell. 

Common methods of extraction employing cold solvents proved inef- 
fective. The use of hot solvents was considered dangerous in view of the 
labile nature of the pigments. A method has been devised which is a modi- 
fication of the method used by Mupp and co-workers (13) for the extraction 
of labile bacterial antigens. A suspension of algal cells, washed off the agar 
surface, is placed in a metal ball-mill® and rapidly frozen around the inside 
rim by rotating the mill in a — 80° C. bath (dry ice in alcohol). Freezing 
is completed in less than one minute. The ball-mill is then quickly attached 
to a high vacuum line in series with a low temperature condenser held at 
—80° C. The ice is thus rapidly sublimed off and drying is complete in 
12 to 16 hours. The mill is then returned to the low temperature bath and 
two steel balls inserted. After an hour and a half grinding the bath is re- 
moved, 90 per cent. acetone introduced into the ball-mill, and grinding con- 
tinued for another hour. The acetone extract is removed and the pigments 
transferred to ethyl ether. (Anesthesia ether, Malinckrodt, containing 2.5 
per cent. alcohol was used throughout because of its very low peroxide 
content. ) 

Unfortunately the above procedure is not quantitative in that not all 
of the algal cells are crushed and extracted. Conditions are nearly optimal, 
however, for the preservation of labile and easily oxidizable cellular mate- 
rials such as the chlorophylls and carotenoids. 

Spectral absorption curves on the ether solutions have been determined, 
using the photoelectric spectrophotometer previously described by MimiErR 
(12) and observing the precautions which he suggested. At some time 
during each run the calibration curve for prism setting was checked (+ 2 A) 

2 Identified by Professor Fettx Mainx of the German University at Prague. Ob- 


tained through the courtesy of Dr. C. E. SKINNER by whom they had been isolated from 
soil. 


3 Kindly provided by the Department of Veterinary Science, the University of 
Minnesota. 








original extract. 


Chlorella vulgaris grown in darkness. 
absorption of the total pigments. 
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against the 6402 A neon line. 


The slit-widths used varied from 0.04 mm. 
at 4000 A and 0.02 mm. at 4200 A to about 0.002 mm. at 6000-6800 A. 


In 
the absorption curves to be presented intensity of absorption is designated 
) a ; 3 ; 
merely as log = according to Beer’s Law, since concentrations are not 
I, 
known. The wavelength axes are in Angstrém units. 
A method previously used by Srrarn (20) has been followed in order to 
separate into two groups the chlorophyll and carotenoid pigments. This is 
demonstrated by the curves of figure 1 for the extracted pigments from 
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Fig. 1. 


Absorption spectra of pigments in ethyl ether +2.5 per cent. alcohol ex- 
tracted from Chlorella vulgaris grown in darkness. 


Curves refer to equal aliquots of the 
For further explanation see text. 


The upper curve describes the hight 


If an equal or known aliquot of this ether 
solution is saponified and the non-saponifiable pigments taken up in ether, 


the lower curve is obtained. This may be considered the absorption curve 
for the carotenoid pigments. 


is obtained. 


If the lower curve is now subtracted from 
the upper curve, point-by-point in the original data, the intermediate curve 


This may be considered the absorption curve of the saponifiable 


pigments, 7.e., of the chlorophylls. 
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The method of course depends upon the assumption that the saponifica- 
tion removes all the chlorophylls but destroys none of the carotenoids. In 
my hands the common cold saponification has failed to remove all the chloro- 
phylls, as shown by residual light absorption at 6400-6600 A. A hot saponi- 
fication has been required.* Comparison of hot and cold saponification on 
equal aliquots of the pigments of Chlorococcum sp. grown in the dark is 
given in figure 2. Intensity of absorption is significantly higher after the 
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Fig. 2. Absorption spectra of the pigments remaining after hot and after cold 
saponifications. Pigments originally extracted from Chlorococcum sp. grown in dark- 


ness, 


cold saponification only in those spectral regions where the chlorophylls 
show high absorption. 

Figure 3 shows the absorption curves for the total pigments extracted 
from Protococcus sp. grown under three different conditions. For two of 


these curves all values of log : have been multiplied by a factor so chosen 
x 

4To 4 ml. of 30 per cent. KOH in methanol refluxing over a water bath, 5-10 ml. of 

the ether solution are added and refluxing continued for 3 minutes. The total solution 

is then poured into separatory funnel containing ice water and about 10 ml. of ether. The 

resulting ether solution of carotenoids is washed 5 times with water, separated, and made 

up to the desired volume. For cold saponification the same time, quantities, and reagents 


were used and the entire procedure carried out in a separatory funnel. 
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as to give identical values for the intensity of absorption at 6600 A on all 
curves. This merely brings the curves together for ease of comparison. 
The corresponding absorption curves for the chlorophyll pigments, obtained 
as described above, are presented in figure 4. Agreement is rather striking, 
especially through the longer wavelengths of the spectrum. Noticeable 
variations occur in the height of the bands in the blue: the 4520 A peak of 
chlorophyll b and the 4100 A and 4300 A bands principally due to chloro- 
phyll a. These variations may be accounted for in part by variations in the 
ratio of a to b. 
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Fic. 3. Absorption spectra of the total pigments extracted from Protococcus sp. 
grown under three different conditions. 


Comparison of the chlorophyll curves has been made with the absorption 
eurves of the isolated components obtained by ZscHerLe (25) on the same 
type of instrument. In general the curves of figure 4 (for ether + 2.5 per 
cent. aleohol) show a displacement of the peaks toward the red of about 
10 to 25 A. Because of this shift a quantitative analysis of the curves for 
percentages of the components a and b by the method of ZscHEmeE (25), and 
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based on his curves for the chlorophylls in ether solution, is impossible. 
Only anomalous results can be obtained. 

The presence of the well-defined 4520 A band in all the curves of figure 4 
as well as in the intermediate curve of figure 1 makes it clear that chlorophyll 
b (or something very similar) is formed in the dark by these cultures of 
Protococeus and Chlorella vulgaris. And inspection of the curves of figure 4 
shows that in Protococcus the chlorophyll a:b ratio is at least of the same 


' ' ‘ ' ' ' ' ' ' ' ' ' ' 
: Protococcus sp 
P [) Chiovophylls (saponficbie pigments) 4 
AI Under 65 fe: 
|! s-e-e=+— on Detmer + destrose + pectone 
: emsmeme— on Detmer 
3.001, i In dark : 4 
i! } e-e—e—e— on Detmer + dertrose - peptone 
 j a 
! ; 
gb fo i a 
. 1, | : 
ffi j : 
2,00 be jar Z - 
{] | | 











: \ 
1,00} : > 
° : | 
: 
5 - et . _ 
t FL 
‘ : 
: teesf 
ts, ; ” ‘ 
aT Oe Re ’ 
Se ee TO eee eT ee eS SS oe 
4000 4400 4800 5200 $600 6000 6400 68 


Fic. 4. Absorption spectra of the chlorophylls produced by Protococcus sp. grown 
under three different conditions. 


order of magnitude for cells grown in light or in darkness. The formation of 
chlorophyll b in the dark has been confirmed by the appearance of distinct 
and characteristic chlorophyll b zones on sucrose chromatograms prepared 
according to the method of SeyBotp and Eeie (17). Comparison of the 
curves of figures 3 and 4 indicates that the carotenoid: chlorophyll ratio 
varies considerably under the different conditions of growth. More detailed 
examination of the carotenoids should be made to determine whether these 
variations are qualitative or merely quantitative in nature. Further chro- 
matographic work planned for the study of the yellow pigments has not 
as yet been carried out. 
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Development of photosynthetic activity 


It was advisable at this point to consider the development of photo- 
synthetic activity in algal cells which had previously grown only in dark- 
ness. Essentially this involved a comparison of the induction periods of 
cells grown in darkness and in light. Measurements were made by the 
familiar Warburg technique, using one illuminated flat-bottom vessel and a 
non-illuminated thermobarometric control. The volume of the experi- 
mental flask was 14.22 ml. to the level of Brodie fluid in the manometer, as 
calibrated with mereury. When used as described below 1.0 mm. increase 
in pressure corresponds to an oxygen evolution of 0.56 eu. mm. 

The constant-temperature bath was held at 26° C. + 0.01° as checked 
by a Beckmann thermometer. Light was provided by an optical system 
mounted horizontally beneath the bath. The light from a projection bulb, 
suitably condensed by two lenses, was reflected vertically up through the 
glass bottom of the bath by a concave mirror. The area of the light beam 
in cross-section at the level of the experimental flask was large enough so 
that the flask was always illuminated during the three-cm. amplitude of its 
shaking cycle. This arrangement was designed to give very high light 
intensities, since previous work |WarBura (24), Smira (19), McAuister 
(9)] indicates that the induction period is longer, and therefore more easily 
measurable, under higher intensities. At very high light intensities, how- 
ever, (about 5,000—20,000 f.c.) an inhibition of photosynthesis was observed. 
A study of this inhibition is to be reported elsewhere. For measurement of 
the induction period an intensity of 2,200 f.c. was used. 

Preliminary results indicated that more consistent results could be ob- 
tained for cells grown in liquid culture than for those grown on solid media 
as in the pigment study. It was also found that Chlorella vulgaris was much 
better adapted for this part of the study than the other algae available. 
Protococcus sp. could not be centrifuged out cleanly and showed such low 
rates of photosynthesis that it was more difficult to work with. Cultures 
were grown in 500-ml. Erlenmeyers with a current of air bubbled through. 
To obtain darkness, flasks were wrapped in photographie light-proof paper 
and kept in covered iron pails. Cultures grown in light were placed uni- 
formly around a 5.5-cm. water jacket surrounding a 300-watt bulb. The 
intensity at the illuminated side of the flasks was about 450 f.c. Sterile 
precautions were observed only when glucose was added to the nutrient solu- 
tion, although microscopic tests for purity were made in all eases. 

Measurements were made with the cells suspended in the potassium 
carbonate-bicarbonate buffer corresponding to the sodium earbonate-bicarbo- 
nate buffer no. 9 of Warspure (23) (0.015 M K.CO,, 0.085 M KHCO,). 
Immediately before an experimental run the cells were centrifuged out of 
the nutrient solution, taken up in the buffer, and centrifuged out again in 
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a graduated tube. To the packed cells fresh buffer was added to give a sus- 
pension in which 1.0 ml. contained 0.05 ml. of cells. The suspension was 
then kept in the dark and aliquot portions withdrawn in the dark by an 
automatic pipette. When cells were grown in darkness, all further opera- 
tions except the brief reading of cell volume were performed in the dark. 

One ml. of cell suspension was added to 7.2 ml. of buffer in the experi- 
mental flask. The flask and manometer were placed in position without 
illumination and about five minutes allowed for adjustment to equilibrium. 
Four or five consecutive five-minute readings were taken to establish the 
course of respiration. Light was then turned on for 4 minute. Respiration 
in the sueceeding dark period was again established by at least four read- 
ings. This procedure was repeated with light exposures of 1, 1.5, 2, 3, and 
4 minutes, using a fresh batch of cells for each exposure. The displacement 
between the respiration curves before and after the light exposure is a 
measure of the amount of photosynthesis which took place. This graphical 
method is illustrated by the upper curves of figure 5. It is an ‘‘integra- 
tional’’ method necessitated by the lag in the Warburg instrument.°® 

The method is of course limited to the accuracy of extrapolation of the 
respiration curves. Occasionally a deviation in the rates of respiration 
before and after illumination was observed, but never of more than about 
5 per cent. It is recognized that such a variation introduces a_ possible 
source of error in the extrapolation. Several preliminary experiments 
seemed to indicate that more consistent results were obtained when a fresh 
aliquot of cells was used for each time interval and when 0.5 per cent. dex- 
trose was added to the stock suspension kept in the dark. These conditions 
were therefore observed throughout. 

The induction curves obtained for Chlorella vulgaris as described above 
are shown in figure 5. The close coincidence of the curves for cells grown 
with 0.5 per cent. dextrose, with and without light, clearly answers the prob- 
lem of this investigation. The pigments produced by this green alga wm 
darkness are adequate for the process of photosynthesis. Cells grown in the 
light without dextrose (upper curve) attain a somewhat higher photosyn- 
thetic rate and seem to have a somewhat longer induction period than cells 
grown with dextrose. The induction loss, however | extrapolated intercept 
on the photosynthesis axis, cf. McAuister (9, 10)|, is practically identical 
for all three lots of cells. 

In considering the above data as a further description of the induction 
phenomenon, a possible limitation of the integrational method must be taken 
into account. McAuister (10) has demonstrated that after high rates of 
photosynthesis there is an appreciable ‘‘pick-up’’ of CO, after the plant is 

5 This is essentially the same method previously used by WaAkBuURG (24), VAN DER 
PAaauw (21), and Smirx (19). 
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darkened. Making the reasonable assumption that there is also a continued 
evolution of QO. by a plant on darkening, comparable to the ‘‘pick-up’’ of 
CO., he has suggested that there may be an inherent error in the integra- 
tional method used here. What is probably measured for each period of 
illumination is the actual amount of photosynthesis during illumination plus 
the ‘‘pick-up”’ (in this case the extra evolution of oxygen) on darkening. 
Each point on the induction curve is therefore too high by an amount equal 
to the ‘‘dark pick-up’’ involved in its determination. So an induction curve 
measured by the integrational method is probably somewhat in error in re- 
gard to its shape and induction loss. From the characteristics of the ‘‘dark 
pick-up,’’ however, it seems unlikely that the indicated length of the induc- 
tion period will be appreciably in error. 

The papers of McAuister (10) and AurpeMGARTEN (2) have shown that 
the induction period is a function of the preceding dark rest when photo- 
synthesis is measured by the rate of CO, uptake. AUFrpeMGARTEN (2) 
states that the induction period in Stichococcus is lengthened by increasing 
dark rests of up to fifteen minutes, beyond which no further effect was noted. 
McALIsTER’s (10) more comprehensive data for wheat show a rapid increase 
in induction loss with dark rests increasing up to about one minute, followed 
by a more slowly progressing effect up to about eight hours. These papers 
had not yet appeared when the experimental work was done. No attempt 
was made to control the preceding dark rest, which varied from about two 
to eight hours during each run for cells grown in light. The experimental 
points, however, were not obtained in any definite order and any appreciable 
change in the true induction period during this time would hardly have 
permitted the points for the two, three, and four minutes illumination to fall 
on a straight line. Of course, the final straight line may not be truly con- 
stant in slope. Indeed, in continuous light all three batches of cells showed 
photosynthetic rates increasing slowly with time and always slightly higher 
than the final rates indicated by the curves in figure 5. But following the 
usual interpretation, the induction period is clearly over somewhere between 
one and two minutes of illumination. Certainly dark rests of more than two 
hours could have had little if any additional effect on the characteristics of 
the induction period in Chlorella vulgaris. 

It is also of interest to compare the induction curves (fig. 5) with those 
obtained by other workers using the same method, which is based on the rate 
of evolution of oxygen. Smiru (19), using a preceding 30-minute dark rest, 
found for Cabomba induction periods of about two to five minutes depend- 
ing on the light intensity and CO, concentration. VAN per Paauw’s (21) 
curves for Hormidium show an induction of 14 minutes at 26° C. (length 
of dark rest not stated). Warsure (24) observed for Chlorella vulgaris an 
induction period of 14 minutes after a five-minute dark rest. His conditions 
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of ght intensity, CO. concentration, and temperature were almost identical 
with those maintained in the present study. The induction period obtained 
by Warsure after a five-minute dark rest is identical with that shown in 
figure 5 for the same organism after an infinitely long dark rest. This is 
also in line with Warsura’s data for one- to five-minute periods of inter- 
mittent light. 
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Fig. 5. The induction period in Chlorella vulgaris. Ordinates are readings from 
the Warburg manometers in mm.; multiply by 0.56 to obtain cu. mm. of O,. The upper 
set of curves describes the method by which each point in the lower set of induction curves 


was obtained. For further explanation see text. 


Any detailed study of the effect of the preceding dark rest on the induc- 
tion period was not a planned part of this investigation, and the results are 
certainly not critical in this respect. However, after comparison of the data 
of Warsure and of this paper on one hand with those of McAuister or of 
AUFDEMGARTEN on the other, it seems that the induction in O, production 
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and the induction in CO, uptake are not equally dependent upon the pre- 
ceding dark rest, and are therefore probably dissimilar in other respects. 


Summary 


1. The pigments produced by Protococcus sp. and Chlorella vulgaris in 
darkness have been studied with a photoelectric spectrophotometer and com- 
pared with the pigments produced in light. For this purpose a method of 
extraction not previously used in pigment work has been described. 

2. No significant qualitative differences have been found between the 
chlorophyll pigments produced in light and in darkness. 

3. The induction periods for cells grown in light and in darkness have 
been studied by the Warsure technique for a strain of Chlorella vulgaris. 
Only slight differences have been found between the induction curves of 
cells grown in darkness and in light. 

4. The pigments produced by this strain of Chlorella vulgaris in dark- 
ness are adequate for flie process of photosynthesis. 

5. From a comparison of the data obtained with other data in the litera- 
ture on the induction period it has been suggested that there is a dissimilar- 
ity between the induction in O, evolution and the induction in CO, uptake. 


The author gratefully acknowledges the helpful advice and criticism of 
Dr. Grorce O. Burr, Dr. E. 8. Mruuer, and Dr. C. E. SKINNER. 
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USE OF TENSIOMETERS IN REGULATING WATERING 
IN FOREST NURSERIES’ 


J. H. STOECKELER AND EINAR AAMODT 


(WITH SIX FIGURES) 


Introduction 


Soil moisture is one of the most important factors influencing physiologi- 
eal processes, such as growth of plants, their development as regards root 
and top, effect on drought resistance, frost hardiness, and dormancy. These 
physiological effects have a special importance in large-scale forest nursery 
production where the maintenance of a proper water supply in the soil is 
one of the controlling factors in the production of high-quality planting 
material. Methods of determining soil moisture are still susceptible of im- 
provement and any advances made in this field are of practical significance. 

The regulation of watering in forest nurseries has always been a problem, 
even in those nurseries equipped with overhead irrigation systems. Some of 
the difficulty has come about because of differences in soil, species, topogra- 
phy, windbreak protection, shade, age class, and relative density at which 
the stock is grown. It has been observed that first-year conifer seedlings 
need light but frequent watering, whereas older stock needs fewer but 
heavier irrigations. The smaller seedlings require more frequent watering 
because of their limited depth of rooting, and because their thin cortex is 
not as good an insulator against sun injury as is the thicker bark of seedlings 
two or more years old. The sandier and the more exposed parts of the 
nursery need more frequent irrigation than the rest of the nursery. Seed- 
lings under half shade require less than those without shade. 

Although irrigation will be based largely upon the experience of the 
nurseryman, his judgment will be aided materially by some instrumental 
method of measuring the moisture content of the soil. 

The chief disadvantages of many of the available instruments have been 
that they are difficult to construct and operate or too expensive to purchase 
in sufficient numbers to get adequate coverage in the nursery. Oven-drying 
of soil samples is considered impracticable owing to the time involved in 
taking samples and also to the fact that results cannot be obtained until 
about 24 hours after sampling. There are, of course, several other methods, 
including the aleohol-burning method described by Bouyoucos (1) and auto- 
irrigators or soil points (6), which provide a means of getting results in an 

1 Contribution from Lake States Forest Experiment Station, University Farm, St. 


Paul, Minnesota. Maintained by the U. S. Department of Agriculture, Forest Service, 
in cooperation with Division of Forestry, University of Minnesota. 
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hour or less. These have been proved to be of practical value in forest 
nurseries, but are relatively time consuming. 

One of the instruments developed in recent years which shows consider- 
able promise in gauging moisture conditions in soils is the ‘‘tensiometer.’” 
This device measures capillary pull of soils at various moisture contents. 
The so-called capillary pull, in simple terminology, represents the amount 
of foree with which the wedges or lenses of capillary water between soil 
particles are held against extraction. In the usual type of tensiometer this 
force is expressed in centimeters or millimeters of mercury and is determined 
by attaching to a mercury manometer a fine-textured porous clay pot filled 
with boiled distilled water. This pot is buried in the soil at the desired 
depth and the rise in the mercury column is observed. The drier the soil, 
the higher will be the mercury lift observed on the manometer. If a series 
of readings is taken over a range of moisture conditions, it is possible to 
obtain a calibration curve for any specific soil at a given degree of compac- 
tion that shows the equivalent of a certain moisture content expressed in 
centimeters of mercury. Where a more rugged and durable type of instru- 
ment is needed, an industrial vacuum gauge may be substituted for the more 
fragile mereury manometer. 

The one serious objection to tensiometers is that they will record a maxi- 
mum pull of about 55 to 65 centimeters of mercury, and it has been shown 
for some of the fine-textured soils, such as clays, or clay loams, that this 
lift represents only about 70 to 85 per cent. of the moisture range in which 
plants will survive. Such heavy soils, however, are not ordinarily used for 
conifer nurseries, and lifts of 0 to 50 em. of mercury represent practically 
the entire range of moisture conditions in which small conifers can survive 
and develop properly in sandy soils. 

Tensiometers have been used on an experimental basis by a number of in- 
vestigators. KorNev (5) in 1921 devised one of the first tensiometers by 
making use of the method already described, although Livinaston (6) men- 
tions that similar experiments had been conducted as early as 1908 at the 
Desert Laboratory near Tuscon, Arizona. 

LYNDE and Dupré (7) devised apparatus in 1913 to study the capillary 
lift of soils at pressures ranging from 1.37 to 0.74 atmospheres, and con- 
eluded that capillary lift was limited by pressure of the atmosphere and 
that maximum lifts under one atmosphere of pressure could not exceed 10 
meters, or 34 feet. 

Heatu (2), in a rather intensive test, made up 30 of these instruments, 

2In this paper the terms ‘‘tensiometer,’’ ‘‘tonometer,’’ and ‘‘ moisture meter’’ are 
used synonymously. The term ‘‘tensiometer,’’ recommended by L. A. RICHARDS, is un 
doubtedly the most descriptive and accurate in a scientific sense, but ‘‘moisture meter’’ 
is probably the better term for the layman. 
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varied the moisture content of the soil, and reported a good correlation of the 
manometer readings with the amount of water added. 

Heck (3), with a modification of the tensiometer built by Heatu, suc- 
cessfully used such instruments as a guide in determining when it was neces- 
sary to irrigate sugar cane in Hawaii. He reports that when the soil be- 
came dry enough to lift the mereury column 25 or 30 centimeters, active 
growth practically ceased and it was necessary to apply irrigation water to 
bring the soil moisture back to an optimum for continued rapid plant 
growth. 

In a technical discussion of the relation of physical properties of soil 
to capillary behavior, Harnes (4) shows that a marked increase in pressure 
deficiency occurs when the soil is at 80 per cent. or less of saturation, and 
climbs sharply to a point at 20 per cent. of saturation, from whence the 
curves flatten off. His work has a bearing on the use and calibration of 
tonometers, for he shows that the pressure-deficiency curve for rising mois- 
ture does not coincide entirely with that for falling moisture. This phe- 
nomenon is referred to as ‘‘hysteresis’’ and is further discussed in detail by 
Smiru (13). 

This discovery has a practical bearing on the use of tensiometers in field 
setups because moisture content in the field, especially in the surface layers 
of soil, is generally slowly dropping, except during periods of replenishment 
by rainfall or irrigation. The inference is that in calibration of instru- 
ments for field use, the meters should be calibrated in a soil changing from a 
moist to a dry state. 

RicHarpDs and GARDNER (9) describe the underlying principles of indi- 
cating, recording, and differential tensiometers and mention the fact that 
temperature changes require a correction for capillary tension readings 
obtained with such instruments. In an earlier paper (8), RicHArps discus- 
ses other factors influencing capillary potential and illustrates how the 
degree of packing of a soil affects the curvature of the water wedges between 
the soil particles, any change of which results in a different potential. 

RicHarDs and Neau (10) in a further study of tensiometers found con- 
siderably greater fluctuation in readings for shallow depths of 6 to 12 inches 
than at depths of 24 and 36 inches; this indicated a rapid response to rainfall 
and evaporation in the surface layer of soil. They also noted a diurnal flue- 
tuation in capillary tension in the surface soil. This was explained on the 
basis of the varying evaporation rate of moisture from the soil and also by 
the possible effect of soil temperature and of the water in the tensiometer 
system. 

Rogers (11) devised a tensiometer that recorded capillary pulls of over 
60 centimeters and incorporated an anti-freezing device that permitted the 
use of such instruments earlier in spring and later in fall than would ordi- 
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narily be possible. He gives calibration curves for several soils that indicate 
a striking difference, depending on texture. 


Apparatus 


DESIGN OF THE LAKE STATES MOISTURE METER 


Because of the necessity for getting more accurate control of soil moisture 
in forest nurseries in the Lake States, experiments were started in the spring 
of 1937, and carried out through 1938 and 1939, to determine the feasibility 
of various methods of determining soil moisture. Among the methods and 
devices tried were oven-drying, soil points, auto-irrigators, and tensiometers 
(14). The present paper will be confined to the presentation of data and 
experience obtained in constructing 42 tensiometers and from studies of 
several types of these instruments and their practical use in forest nurseries 
in growing drought-hardy and frost-resistant stock. 

The first model (fig. 1) was patterned very closely after the instrument 
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designed by Heck (3). It differed mainly in that a Livineston auto-irri- 
gator pot having a sloping porous side wall with an area of 100 cm.? was 
substituted for the elongated porous candle. A number of moisture meters 
of this type were made up, but did not prove entirely satisfactory owing to 
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the difficulty of preventing air from getting into the irrigator pot and 
eventually lodging in or near the top of the water tube connected with the 
mereury manometer. When a small amount of air lodged in the water 
column, the instrument did not function effectively. 

One of the model 1 (fig. 1) tonometers, however, gave good results over 
a 2-month period in a bed of first-year red pine in the loamy fine sand soil at 
Hugo Sauer Nursery, Rhinelander, Wisconsin, in 1937. This instrument 
functioned successfully without addition of any water to the pot during the 
2-month period ; it must be admitted, however, that it was not subjected to a 
critical test because of favorable moisture conditions. The maximum mer- 
eury depression observed with this instrument was 30 centimeters. 

Owing to the difficulty caused by air getting into the pot and water 
column, the instrument was redesigned and fitted with a device used for the 
dual purpose of adding water and trapping air. This device, designated as 
an air trap, consisted of a 25-mm. glass tube 14 em. long (fig. 1, model 2) and 
was fitted at the top of the instrument. Both the mercury and water tubes 
were brought in at the bottom of the tube through a 2-hole rubber stopper 
earefully cemented into place to prevent any leakage of air. The water tube 
was carried up inside the air trap to a height of about 6 em. Mereury was 
first placed in the U-tube in an amount sufficient to bring it to a height of 
about 0.5 em. above the flat bottom of the air trap. Boiled distilled water 
was then run into the open upper end of the system in a very fine stream 
until the pot, suction hose, and air trap had been completely filled. A 
smooth-fitting rubber stopper (E) was then fitted tightly into the top of the 
air trap. 

This design considerably simplified the addition of distilled water and 
the removal of air from the instrument. It also provided a storage reservoir 
for mercury and permitted the use of a shorter manometer than in moisture 
meters of the type illustrated by model 1, when due consideration is given 
to the effective length of the moisture percentage scale. 

Variations in temperatures may affect the manometer readings. It thus 
appeared desirable to reduce the amount of water in the system above the 
ground line, and a smaller-bore air trap, indicated as item B, in model 3, 
was substituted. This piece had the further advantage that tight connec- 
tions were more readily obtained. In the third model a larger porous clay 
jug of finer texture than the LivinGston auto-irrigator pot was used. This 
Red Wing* pot was thick-walled (5 mm.) and had an absorbing surface of 
180 em.” on the vertical side wall, which was 24.5 cm. in circumference and 
7.35 em. high. The bottom and the sloping walls at the top of the cup were 
given a triple coat of waterproof varnish, so as to waterproof them and 
leave only the vertical wall as the porous element through which water moved. 

3 These consisted merely of unglazed Minnesota-Michigan souvenir jugs of ‘‘ flower- 
pot clay’’ manufactured by the Red Wing Pottery Co., Red Wing, Minnesota. 
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This type of jug, in spite of its finer texture, gave more rapid reaction 
than did the Livinaston cup and was less subject to entrance of air through 
the porous side walls. It was necessary, however, to test each individual pot 
by placing it in water and applying air pressure. Any pots with serious 
flaws, indicated by a stream of bubbles coming from the defective spot, were 
discarded. Pots with only minor flaws were made serviceable by putting a 
drop of De Kuorinsky cement on the leaky spot. Besides the vertical- 
walled Red Wing pot, several other types of porous cups, including 
‘‘alundum”’ filters and spout tensiometer cups,‘ were tried. The latter 
type proved quite satisfactory but did not react as quickly as did the Red 
Wing jug because of the more limited absorbing surface. No doubt the 
smaller cup is an ideal type of cup for field conditions where fine-textured 
soils of undisturbed structure are being studied and where readings of over 
40 em. of mercury may be frequently encountered; for lighter soils adapted 
to growing of conifers, however, the Red Wing pot is quite satisfactory and 
costs only a fraction of the price charged for the more expensive clay cups or 
filters. 

With the type of instrument shown in figure 1, model 3, any air in the 
system can readily be seen either in the glass neck (G) of the pot, or in the 
top of the air trap (B,). To remove air it is necessary only to remove the 
stopper E from the air trap, release clamp K slightly, and pour distilled 
water into the top of the system until all air is removed. The clamp is reset 
and the stopper inserted slowly to prevent pushing mercury out of the high 
open end of the mercury manometer. After refilling with water, the mer- 
eury will gradually pull down till it is again in equilibrium. This will take 
from 1 to 20 hours, depending on how dry the soil is. The time required to 
attain equilibrium in a fairly dry soil can be shortened to a few hours, or less, 
by applying air pressure to the open end of the U-tube and forcing the mer- 
cury down to about the 60-cm. mark before filling the air trap with water 
and inserting the rubber stopper. 

To prevent air leaks it is necessary to coat all joints with waterproof 
varnish before fitting them together and to treat them again after the first 
application has dried. Tight joints between the 25-mm. glass tube (G) and 
the porous pot were obtained by heating them gently in a Bunsen burner 
or alcohol blow torch and sealing them together with De KHotTiInsky cement. 

It should be mentioned here that placing of mercury in the model 2 and 
3 tensiometers was easily accomplished by removing stopper E, running two 
pieces of thin copper wire down each side of the manometer, and pouring 
the mercury into the air trap, meanwhile jiggling the wires up and down. 


4 Used extensively by L. A. RicHARDS and manufactured by General Ceramics Co., 
Keasbey, N. J. These have an absorbing area 6.4 em. high and are slightly tapered 
from 3.1 em. diameter at top to 2.3 em. diameter at bottom. The total absorbing area 
is about 57 em.2 
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When all traces of trapped air in the mercury had disappeared, the wires 
were removed and the system was then filled with water. 


CALIBRATION OF THE MOISTURE METER 


All moisture-measuring devices that work on the “‘suction pull’’ prineiple 
must be ealibrated for each soil and generally for each depth, since the mer- 
cury pull obtained varies according to the texture of the soil particles. Fine 
soil particles such as silt and clay create a greater pull at a given moisture 
content than do coarser materials such as sands. 

Two different methods of calibrating the moisture meters were tried. In 
one method the calibration was done directly in the nursery beds by setting 
up the instrument with a centimeter scale attached and with the porous cup 
so buried that the absorbing surface was at a depth between 3 inches and 6 
inches. Soil samples were then taken in moisture cans over a period of 4 to 
6 weeks by means of a smooth brass sampling tube one-half inch in diameter. 
Three or four cores were taken within a radius of one or two feet of the pot, 
with only the portion of the core from the 3- to 6-inch zone being retained 
for determination of the moisture content by oven-drying. All holes made by 
the sampling tube were filled with soil from the immediate vicinity, repacked 
with a wooden dowel, and the surface smoothed so as to avoid leaving either 
a depression or knoll. The depression of mercury in millimeters below the 
true equilibrium point® was recorded and the values obtained. were plotted 
on coordinate paper and an averaging curve drawn. Then a seale that 
showed total moisture content and indicated the wilting coefficient® of the 

5 When water is contained in the system of the tensiometer shown in figure 1, the 
mereury in the open end of the manometer will drop from 5 to 7 em. below the level of 
the mereury in the air trap. This is due to the hydrostatic head caused by the water 
in the air trap and in the rubber tube that connects the manometer with the porous pot 
C. The simplest way to determine the true zero or equilibrium point is to decide how 
far the center of the absorbing surface of the porous pot will be below the bottom of 
the mereury U-tube in the actual field setup; then in the laboratory, set up the instru- 
ment with the porous cup the same distance below the bottom of the manometer and sub- 
merged in water to half the depth of the absorbing surface. In 10 to 20 minutes the 
mereury will come to the true zero point. This is marked on the box in which the 
manometer is housed and all readings during calibration are expressed in millimeters of 
mercury below that point. 
moisture equivalent 

1.84 
practical purposes this value for sandy soils is so close to the actual wilting percentage 


6 Determined indirectly by formula; wilting coefficient For all 





that there is no reason for attempting to determine it by any other method. The value 


moisture equivalent 


derived from 50 *Ppears to lie closer to the true wilting coefficient but 





it is felt that the difference in values derived by the two ratios would represent a cer- 


tain desirable margin of safety in regulating moisture in forest nurseries. Therefore 
the first ratio mentioned is preferred. 
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soil at that location was substituted forthe centimeter scale. The scale was 
made of aluminum embossing tape about one centimeter wide and 70 centi- 
meters long. The figures and cross lines were drawn on the tape with India 
ink, allowed to dry, and then given several coats of waterproof varnish. 
The seale was held with tacks to the back of the wooden mounting box. The 
latter was painted white to reduce the solar heating of the mercury and water 
in the system, which has a tendency to cause errors in the readings. The 
portion of the moisture scale that was within 1 per cent. of the wilting ¢o- 
efficient was painted red to indicate a dangerously low moisture content. 

The importance of degree of packing of soil and the necessity of undis- 
turbed structure in calibration of tensiometers have been pointed out by 
several investigators, but in the case of forest nurseries the top 6 to 10 inches 
of soil have no definite structure because of frequent plowing, rototilling, and 
digging of trees. In using tensiometers in forest nurseries it is, however, 
considered important to obtain the correct degree of compaction of the soil 
around the porous cup. To attain this with maximum accuracy, it is 
advisable to obtain a sharp metal cylinder very slightly smaller in diameter 
than the vertical-walled porous cup and drive this into the soil between the 
seedling rows, remove the core, and then place the porous cup into the 
hole with a twisting motion. Soil can then be packed on top of the pot to 
level it off with the surface. 

The field method of calibration outlined above has been found reason- 
ably satisfactory but it has a disadvantage in that a calibration curve, for 
at least 90 per cent. of the range of moisture content in which plants will 
survive, may not be obtained for many months. 

An alternate method of calibration is to obtain a jar of soil (from 0.5 
to 1 gallon in volume) from the nursery area at which the tensiometer is to 
be set up and to do the calibrating in the laboratory. In the laboratory 
method of calibration the soil is thoroughly saturated, then packed around 
the porous cup. The top of the tin container is covered with a double layer 
of tight-fitting building paper, and the reading obtained next day, or as soon 
as it is evident that the moisture is evenly distributed and an equilibrium has 
been established. The cover is then removed and the entire tin with en- 
closed soil mass and porous cup is weighed. The soil is then allowed to dry 
out gradually, with readings being taken and weighings made morning and 
night until the soil appears quite dry and maximum mercury lifts of 30 to 
60 em. (depending on soil texture) have been recorded. The porous eup is 
then removed and the entire soil mass oven-dried at 105° C. The net oven 
dry weight of the soil is oe <j and total moisture-content values for the 


entire range of the calibration are computed. This proved the most satis- 
factory method of calibration and results for any one soil could be obtained 
in a 2- to 4-week period. 
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A second system of calibration in the laboratory was tried in which rather 
dry soil was packed around the porous cup in a large tin can, and the cor- 
responding capillary tension recorded. Thirty to forty ml. of water were 
then added to the soil mass and a small portion of the soil was placed in a 
tight can for oven-drying. The process was repeated until a series of read- 
ings over a range of moisture contents had been obtained. 

This method was discontinued because of the fact that changing volume- 
weight of the soil caused by repeated removal and repacking of the soil 
gave a rather wide dispersion of points for the average calibration curve. 
Moreover, since calibration is done on a rising moisture curve, the error 
incurred due to the hysteresis effect was correspondingly greater when the 
tensiometers were set up in the field, because, as pointed out by Hatngs (4), 
the conditions in the field are generally represented by a falling moisture 
eurve. This error for sandy soils usually amounts to 1 to 2 per cent. of 
moisture as read on the scale; for fine-textured soils it is considerably 
higher. 

Experimental results 


Figure 2 shows the calibration points and fitted curves obtained for six 
different soils. The physical properties of these soils are given in table I, 
where they are arranged in ascending order of texture. It will be noted that 
these appear in exactly the same order from left to right on figure 2. Of 
especial interest is the fact that coarse-textured material like soil no. 1, which 
is classified as a medium sand, exerts very little suction pull until it is within 
3 or 4 per cent. of the computed wilting coefficient, and then increases very 
rapidly as it approaches the wilting coefficient. For the loamy sands and 
sandy loams the rise is somewhat more gradual, and for a silt loam it is even 
more uniform. 

The maximum pull recorded in the calibration of the tensiometers was 
54 centimeters. Beyond that point, air entered through the side walls of the 
porous pot and collected in sufficient volume in the system to make the 
readings unreliable. For forest nurseries located on sandy soils, however, a 
working range of 0 to 50 em. of mercury pull is entirely adequate since it 
covers practically the entire range of moisture conditions encountered in 
nurseries in the periods of spring germination, active early summer growth, 
and hardening-off in late summer. 


EFFECT OF ORGANIC MATTER ON CAPILLARY TENSION 


In connection with the calibration of tensiometers, the rather practical 
question has come up as to whether or not such an instrument, once eali- 
brated for a given spot in the nursery, could not be used year after year in 


that same location. Data on performance of such moisture meters over a 
period of two years indicate that this can be done safely, provided no heavy 
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Fig, 2. Calibration curves obtained when tensiometers calibrated in soils ranging 





from sand (left) to silt loam (right). A Red Wing pot was used as the porous element. 


addition of organic matter is made such as is provided by peat, compost, 
animal manures, and possibly soiling crops. Some error, however, will occur 
in the accuracy of the instruments because the settling effect of irrigation and 
rain gradually causes a compaction of the seedbed, which at the time of sow- 
ing is in a loosely packed condition. This change in volume-weight as the 
season progresses necessarily causes a slight error in readings of the total 
moisture percentage. 

The soil-maintenance program in the Federal and State forest nurseries in 
the Lake States requires the addition of rather large quantities of peat and 
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compost after removal of a crop of trees. The addition of such material will 
cause a marked difference in the type of calibration curve obtained for sandy 
soils, as is shown in figure 3. 






















me TTL 
28+—+ = ke 
26}—} peda 
24|- | LEGEND | 
2) ' 
2 22 | SANDY SOIL | 
i > SANDY SOIL | 
¥ > WITH PEAT 
be 18 . 
z | 
o 16 
1 14 
i (2 . 
— 0 | 
& at 4 
& © 
uw | 
= 4 
2 
0 1s i 
0246 & W 2 14 6 1& 20 22 BH 2% 28 
TOTAL MOISTURE ~ PER CENT 
Fig. 3. Effect of peat on calibration curve of a sandy nursery soil containing 12 


per cent. of silt plus clay. The soil for curve no. 2 was the same as used for curve no. 
1, except that it contained 1 pound of peat (oven-dry basis) for every 20 pounds of soil, 
a treatment equivalent to about 50 tons per acre of dry peat plowed into the top 6 inches 
of soil. 


In this case the addition of 50 tons per acre of acid peat (oven dry-weight 
basis) obtained from a spruce-tamarack swamp changed the calibration 
eurve from that of a rather typical fine sand to the type of curve ordinarily 
obtained for a light sandy loam. The explanation for this is quite simple. 
The addition of a large quantity of organic matter increases the number 
of contact points and the pore space. As a consequence, in a soil of 
equal total moisture content, it decreases the radius of curvature of the 
wedges of water that occur between the particles of soil. This results in an 
increase of the capillary tension of the soil if held at the same total moisture 
per cent. 


Discussion 
INTERPRETATION OF CALIBRATION CURVES 


From the data obtained from the calibration curve it is an easy matter 
to make a seale for the tensiometer showing total moisture content and the 


wilting coefficient. These scales are attached to the tensiometers in place 
of the centimeter scale, and thereafter the nurseryman can readily compute 
the moisture content of that portion of the nursery by reading the total 
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moisture content and subtracting from it the indicated wilting coefficient to 
obtain the percentage of available’ moisture in the soil. 

As an aid to nurserymen in judging relative soil-moisture in its relation 
to active growth, table II incorporates tensiometer information for the better 
sands and loamy sand nursery soils which are the usual textures in most 
Federal and State nurseries found in the Lake States. The data are based 
on observations with tensiometers at Rhinelander and Hayward, Wisconsin, 
and Manistique, Michigan. Similar tables can be made up for the sandier as 
well as the finer-textured soils, but these would require some adjustment in 
the second and third columns, especially for the fine-textured soils. Refine- 
ments are necessary for individual species and are yet to be worked out. 

It will be noted that when the mercury depression exceeds 35 centimeters, 
the moisture content for the loamy sand soils is at, or within, a few per cent. 
of the wilting coefficient ; watering will thus be necessary soon after this pull 
is attained. When the tension is between 25 and 35 cm., growth (especially 
of tops) is slow, and between 15 and 25 it is fair to good. Growth is best 
when the suction pull is between 2 and 15 em. When the capillary tension 
is less than about 2 cm., the soil is definitely soggy and sometimes even water- 
logged. Fortunately, in the sandy soils of most Lake States nurseries an 
excess of water due to heavy rains is soon lost by underdrainage, and a 
saturated condition does not occur for more than a few hours. 

The correlation of the type of calibration curve obtained with the texture 
and moisture equivalent of soils suggests the possibility of dispensing with 
the calibration of the moisture meters. On the basis of a mechanical analysis 
of the soil and a determination of the moisture equivalent, it might be 
feasible to make up a scale showing relative soil-moisture status of the soil, 
using the terms similar to those given in column 1 of table II. This would, 
however, require access to a chart showing calibration curves of at least 30 
to 50 soils having a range of silt-plus-clay content from 2 per cent. to 90 per 
cent. and would, furthermore, be contingent on complete information on 
effect of packing, structure, organic matter, soil nutrients, and volume weight 
of the soil and their effect on tensiometer readings under field conditions. 
For the present, the safest procedure will necessarily rely on a calibration of 
each instrument for every field setup since the individual and composite 
effect of the above factors has not been determined to any degree of refine- 
ment. 

7 £€ Available’’ water as expressed here refers to the percentage of moisture above 
the computed wilting coefficient. In reality some of the water between the computed 
hygroseopie and wilting coefficient values can be extracted by conifers but this moisture, 
is of no consequence in producing any appreciable growth, as it is barely adequate to sus- 


tain life for a comparatively short time in the mesophytic type of plants. This is espe- 


cially true for the species of pine and spruce commonly grown in nurseries in Michigan, 
Wisconsin and Minnesota. 
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TABLE I] 


CORRELATION OF TENSIOMETER READINGS WITH MOISTURE CONTENT AND GROWING CONDI 
TIONS IN LOAMY SAND SOIL USED FOR PRODUCTION OF CONIFERS 





APPROXIMATE 


Soll MOISTURE MERCURY | AVAILABLE 
. , sia REMARKS 
STATUS PULL MOISTURE 
CONTENT 
em. % | 
Very dry Over 35 0-2 | Conifers are at or near wilting coeffi 
cient. Serious mortality may occur 
if water is not applied. Moisture 
should not be -held in this range 
for prolonged periods during active 
growth period 
Dry 25-35 2-4 Use this range principally in hardening 
stock 
Fresh 15-25 4—6 Allow moisture to reach this range, or 
slightly lower, even during active 
growing season, to induce drought 
hardiness 
Moist 2-15 6-14 Active top and root growth oceurs 
Wet Under 2 Over 14 Too moist. Do not maintain moisture 


in this range for any protracted 
length of time in conifer nurseries 


Experience, backed by experimental evidence, indicates that in nursery 
practice the moisture content of the top eight inches of soil should be main- 
tained mostly in the ‘‘fresh’’ and in the drier part of the ‘‘moist’’ range. 
This 8-inch level is specified because in most Lake States nurseries usually 
from 70 to 95 per cent. of the root system of seedling and transplant conifers 
is found in the upper eight inches. Consequently, in using tensiometers in 
conifer nurseries, the porous cups are usually set so that the absorbing sur- 
face is somewhere in the zone indicated. For shallow-rooted or first-year 
seedlings, the cup is generally placed at the 1- to 4-inch zone, while for 
stock 2 years of age or older, the cup is set at the 2- to 5-inch or 3- to 6-inch 
zone. 

In the latter part of the growing season, which in the Lake States means 
August 15 to September 15, the moisture content should be held, if conditions 
permit, in the ‘‘dry’’ and ‘‘fresh’’ range, in order to harden the stock 
properly. The hardening process decreases moisture content of the stock, 
reduces rate of top growth and leaf surface, and accelerates the root de- 
velopment of the plant. Thus a comparatively low top-root ratio results 
and the well-balanced plants so produced have a better chance of surviving 
drought and winter killing. A comparatively low soil moisture content 
in eonifer beds in late summer will also hasten dormancy and inerease 


frost resistance. 
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TENSIOMETERS IN FOREST NURSERIES 


Figures 4 and 5 give the records of performance of two tensiometers in 
forest nurseries, one at Rhinelander, Wisconsin, and the other at Manistique, 
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Fig. 4. Soil moisture 


determined by a tensiometer in an experimental bed of 2 


Rhinelander, Wisconsin, 1938. 


moisture equivalent of 8 per cent., 
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nt at a depth of 4 inches of a loamy fine sand soil as 


2—0 jack pine, Hugo Sauer Nursery, 
The soil had a silt plus clay content of 15 per cent., a 


and a computed wilting coefficient of 


4.3 per cent. 
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Michigan.* Readings were generally taken at least once, and often twice 
daily. The soils in these nurseries are a loamy fine sand and a fine sand 
respectively. 

The correlation between tensiometer readings and the frequency and 
amount of precipitation and irrigation water received is noteworthy. It 
will also be noted that each of the soils had a fairly definite ‘‘tapering off’’ 
zone in the moisture curve, which is about 14 per cent. and 7 per cent., 
respectively, for Rhinelander and Manistique nurseries. This value for 
both soils lies between 1.50 and 1.75 times the moisture equivalent value. 
In other words, each soil has a certain field holding capacity and any water 
applied in excess of this amount drains away very rapidly into the subsoil. 
This rapid drop of soil moisture content after the soil has received a thor- 
ough soaking by precipitation or irrigation is strikingly illustrated in figure 
5 and is brought out in more detail in figure 6, which shows a drop from 23 
to 15 per cent. in total moisture content in the brief period of 6 hours, largely 
because of loss by underdrainage. There was apparently very little water 
loss by evaporation or transpiration from 5 p.m. of one day to 8 a.m. of the 
next, but after 9 a.m. on the second day these forces again became active in 
causing water loss. 
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Fig. 5. Soil moisture content at a depth of 3 inches of a fine sand soil as deter- 





mined by a tensiometer in a bed of 2—0 red pine, Wyman Nursery, Manistique, Michigan, 
1938. The soil had a silt-plus-clay content of 1.8 per cent., a moisture equivalent of 3.8 
per cent., and a wilting coefficient of 2.1 per cent. 

8 The record for Manistique was furnished through the cooperation of Messrs. E. F. 
3IEBESHEIMER and FLOYD StTRUBLE, Nursery Superintendent and Assistant Superintendent 


respect ively. 
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VALUE OF TENSIOMETERS 


The tensiometers have practical value to the nurseryman. He can con- 
trol water supply and thus provide drought-hardy planting stock and prevent 
wastage of water by unnecessary irrigation and subsequent loss of highly 
soluble fertilizers, such as ammonium sulphate and potash. Even though the 
soluble fertilizers are composted and partially adsorbed with peat, muck, or 
other organic materials, some loss is certain to occur and it will be accelerated 
by excessive watering. 
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Fie. 6. Graph illustrating loss of moisture in a loamy fine sand soil, Hugo Sauer 
Nursery, Rhinelander, Wisconsin, August 3 and 4, 1937. Porous cup of tensiometer was 
2 inches below surface of bed of 1-0 jack pine. 


The tensiometers are equally valuable in periods of severe drought; they 
indicate depth of penetration of irrigation water, especially if the porous 
cups are set at several depths in the rooting zone of the seed bed. Thus 
they indicate the effectiveness of the water applied and furnish warning of 
impending injury or actual death of nursery stock because of low soil mois- 
ture content. Such a drought occurred in 1936 in the Lake States. High 
temperatures combined with markedly subnormal rainfall resulted in 
rather sudden losses in nurseries, especially in the center of the second-year 
seedbeds of pine and spruce. A very low soil moisture content is not, of 
course, conducive to the best growth of conifers. It is necessary to strike a 
happy medium between the two extremes mentioned. 

It is obvious from the records obtained in this study that tensiometers 
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ean be of valuable assistance in understanding fully the réle of moisture in 
forest nurseries or in experimental plots where the moisture content of the 
soil is being studied in relation to drought hardiness, growth, and yield. 
To obtain a similar detailed record with the usual method of soil sampling 
and oven drying would require a large amount of work. Moreover, in some 
experimental work it would be very undesirable to disturb the plots by 
removing several hundred soil samples over a period of three or four months. 

Instruments based on the tensiometer principle will, no doubt, be of in- 
creasing value in the field of plant physiology, floriculture, horticulture, 
agronomy, ecology, and hydrology. There is a definite need for commercial 
development of such an instrument, which would combine the best features 
of the tensiometers built by various investigators.° 


Summary 


A deseription is given of several types of tensiometers and of their use 
in gauging the necessity of watering in conifer nurseries in the Lake States. 
Records are presented showing the performance of two of the instruments for 
a period of three to four months in two different nurseries. Calibration 
technique is described and the capillary potential of soil is shown to vary by 
texture and by addition of organic matter. A discussion is given to show 
how watering may influence development of nursery stock, especially as 
regards size, top-root ratio, frost hardiness, and drought resistance. 

Practical values of this type of ‘‘moisture meter’’ to the nurseryman 
include: (1) prevention of injury or death of trees due to the warning given 
of the presence of low soil moisture content in periods of heat and droughts; 
(2) aid in the regulation of moisture, especially during the ‘‘hardening-off”’ 
period, in such a manner as to obtain planting stock that is frost resistant 
and drought hardy; (3) the prevention of excessive watering with con- 
comitant expenses and the subsequent loss, by underdrainage, of highly 
soluble commercial fertilizers. 

LAKE STATES FOREST EXPERIMENT STATION 

UNIVERSITY FARM 
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THE EFFECT OF VARIOUS WAVEBANDS OF SUPPLEMENTARY 
RADIATION ON THE PHOTOPERIODIC RESPONSE 
OF CERTAIN PLANTS’ 


Bs Be WITHEROW AND - ALICR P. Witezeow 


(WITH SIX FIGURES ) 


Introduction 


The effect of various wavebands of visible radiation, used to lengthen 
short daylight periods, on the photoperiodic response of plants has been the 
subject of considerable disagreement. ScHAPPELLE (9) concludes that sup- 
plemental red and blue radiation are equally effective in inducing flowering 
in radish and spinach, that red is more effective than blue in the case of 
China aster and early flowering cosmos and that blue is more effective than 
red in the case of lettuce, although red induces flowering. Salvia, chrys- 
anthemum, Kalanchoe, teosinte, and Maryland Broadleaf tobacco failed to 
flower under any radiation prolonging the daylength to more than ten hours. 

FuNKE (3, 4, 5) divided his results into four types of flowering response 
when he supplemented an 8-hour day with red, blue, and white radiations. 
Group I included those plants which flowered under short days and blue at 
the same time and wider white and red at the same time; plants of group IT 
failed to flower under short days but flowered under all long day conditions; 
those in group IIT flowered only under white radiation and under no other 
condition ; and those in group IV flowered simultaneously under white and 
blue radiation and under red and dark at the same time. He used a light 
intensity of from 30 to 60 lux (approximately 3 to 6 foot candles) and a 
temperature of 12° to 15° C. 

Rasumov (8) found that, in general, red light acted like white light in 
inducing flowering in long day plants and inhibiting flowering in short day 
plants ; green, blue, and violet light acted like darkness. He found, however, 
a variable sensitivity to differences in wavelengths of radiation. 

Wirnrow and Benepict (11), and WirHrow and Bresen (12) found that 
red and white radiation induced early flowering in long day plants and 
inhibited flowering in short day plants. Short day plants flowered in days 
lengthened with green and blue light, as well as under short days. Some 
long day plants, such as China aster and Helianthus cucumerifolius also 
flowered under blue radiation at the same time as under the red, while Seabi- 
osa, another long day plant, failed to flower under the blue. The plants were 
grown at 50° F. night and 55° F. day temperature. 

1 Contribution from the Department of Horticulture, Indiana Agricultural Experi- 


ment Station, Lafayette, Indiana. 
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These results appear to disagree chiefly on the effect of the blue radiation. 
Most of the workers agree that red radiation is effective in inhibiting flower- 
ing in short day plants and inducing flowering in long day plants. 

Considering that the flowering responses of many long and short day 
plants are strongly influenced by very low intensities of incandescent lamp 
radiation (1, 11) applied to prolong short winter days, it is to be expected 
that the more sensitive plants would be affected by very small amounts of 
red light transmitted by the blue filters and by unfiltered radiation scattered 
from the radiation equipment. It has been shown (11) that only a few hun- 
dredths of a foot candle are sufficient to induce the flowering of China aster 
and intensities above 0.5 foot candle inhibits flowering in Biloxi soybean (1). 
Unless very special precautions are taken in the design of radiation equip- 
ment, extraneous red radiation may mask the effect of the blue band trans- 
mitted by the filter system and the result might apparently indicate a second 
maximum in the spectral response curve of the most sensitive types of plants. 
Less sensitive plants would probably not be appreciably influenced by these 
extraneous radiations and a single maximum in the red would oceur. 

The present investigation, therefore, is an attempt to determine the rela- 
tive effect of supplemental blue radiation on the flowering response of cer- 
tain long and short day plants and to further corroborate results secured 
with the longer wavelengths of visible radiation. 


Procedure 
The plants were grown in a greenhouse in an automatic sub-irrigation 


gravel culture system (13) with the nutrient solution shown in table I. The 


TABLE I 
NUTRIENT SOLUTION FORMULA 


SALT CONCENTRATION-MILLI-MOLAR 
MgSO, 1 
Ca(H.PO,). l 
KNO, 10 
K.SO, 5 
CaSO, 8 


solution was pumped into the beds on 4-hour cycles. The pH was main- 
tained between 5.5 and 6.5. The temperature was manually controlled at 
approximately 62-65° F. day and 52-55° F. night. 

Callistephus chinensis, variety Heart of France (China aster), Scabi- 
osa atropurpurea, variety Azure Fairy, Spinacia oleracea, variety Nobel 
(spinach), Soja mar, variety Mukden (soybean), Yanthium pennsylvani- 
cum, Salvia splendens, variety Fairly Tall, and Tithonia speciosa were the 
plant materials used in the experiment. All seed except sovbean were sown 
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in sand flats. The sand flats of long day plants were placed immediately 
after seeding under short day conditions; those of short day plants were 
placed under a 24-hour day of daylight supplemented with 20 foot candles 
of radiation from an incandescent tungsten filament lamp in order to pre- 
vent induction of floral buds. The seedlings were transplanted into the 
radiation plots in the gravel benches as soon as they were large enough. 
Soybean was sown directly into the plots of gravel. 

Five radiation conditions were included in the investigation. The short 
day plot received daylengths as given in table II. The other four plots re- 


TABLE II 


DAYLENGTH FROM OCTOBER 1 TO May 1, LAYFAYETTE, INDIANA 


DATE DAYLENGTH 


hr. min. 
Oct. 1 1] 46 
Oct. 15 1] 10 
Nov. 1 10 28 
Nov. 15 i) 57 
Dee. 1 9 30 
Dee. 15 9 18 
Dee. 21 i) 16 
Jan. 1 9 20 
Jan. 15 9 36 
Feb. 1 10 9 
Feb. 15 10 41 
Mar. 1 1] 17 
Mar. 15 1] 54 
Apr. 1 12 40 
Apr. 15 13 16 
May 1 13 56 


ceived red, yellow-green, and blue radiation of approximately 100 ergs/cem.? 
second, and blue of 400 ergs/em.*/second to supplement the natural day- 
length to a 24-hour day. No dark period was given the plants in the radia- 
tion plots. The lamp and filter equipment, together with transmission data, 
are presented in table III and figure 1. For the blue, the two most intense 
blue mercury lines at 4047A and 4358A were used and for the yellow-green, 
the green line at 5461A, and the yellow doublet at 5770A and 5791A. The 
radiation was measured by means of a thermopile calibrated against a stand- 
ard lamp of the U. S. Bureau of Standards. 

The gelatin filters consisted of dyed gelatin poured onto panes of 20-inch 
square window glass and placed in a light-tight rack soldered to the bottom 
of the primary filter cells. Each primary filter cell consisted of a sheet-iron 
tank 6 inches deep and 22 inches square, having an open bottom into which 
a pane of glass was sealed with asphalt. The interior of the tank was painted 
with asphalt to protect it from the corrosive action of acidulated copper sul- 
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Fie. 1. Percentage transmission of filter systems. 


phate solutions. The top of the filter cell was covered with a lid having a 
circular opening 17 inches in diameter upon which rested the 18-inch diame- 
ter porcelain enamelled low bay type of reflector containing the appropriate 
lamp. It was possible to eliminate practically all extraneous light with this 
equipment. 

The individual experimental plots were separated from each other with 
opaque black rubberized cloth. The leaf areas were measured with a photo- 
electric surface type photometer having a 12-inch aperture (10). The plant 
material was harvested, weighed and dried at 100° C. in a forced draft ther- 
mostatically controlled drying oven for about 14 hours. 


Results 


Data are presented on the date of appearance of macroscopic flower buds, 
date of flower opening, on height and weight and, in the case of aster and 
sovbean, on leaf number and area. These data are given in tables IV 
through X. Photographs of the plant material are shown in figures 2, 3, 4, 
5,and 6. The height, weight and leaf area data were taken from 50 to 70 
days after seeding, depending on the germination and growth rate of the 
plant. Flowering data on aster were taken into the spring months when the 
natural daylength conditions were long enough to induce flowering in aster 
without the addition of artificial light. 

All the long day plants set bud under red and yellow-green light. Seabi- 
osa and spinach failed to set bud under blue light or the short day condition. 
The short day and blue plots of aster were continued into the spring months 
when the daylength was around 12 hours. Under these daylengths, aster 
showed a slight decrease in budding time under blue radiation, a greater 
decrease occurring under the higher intensity blue, as compared to those 
plants grown in natural daylengths. 
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TABLE V 


FLOWERING AND WEIGHT DATA ON Scabiosa alropurpurea, 
VARIETY AZURE FAIRY 
SEEDING DATE: OCTOBER 7, 1938 
IRRADIATION DATES: DECEMBER 2, 1938, TO HARVEST 
HARVEST DATE: JANUARY 1, 1939 
NUMBER OF PLANTS PER TREATMENT: 40 FOR WEIGHT AND 20 FOR FLOWERING DATA 


No. No. AV. DRY WEIGHT DRY Top/ 


= | DAYS DAYS TO Pe A = MAT ROOT 
a | TO BUD* FLOWER* lop Roor TOTAL TER | RATIO 
cm, mg. mg. mg. % 
Short 
day 2.9 471 111 582 7.4 4.2 
Blue 3.4 555 145 700 7.3 3.8 
Blue 
4X 2.9 475 116 591 7.0 4.1 
Yellow- 
green 110 4.0) 478 108 586 7.1 4.4 
7.5 5.4 


Red 61 99 14.5 545 10] 646 
* From beginning of long day treatment. 


The short day plants all failed to form macroscopic flower buds under 
red and yellow-green radiation and ali set bud under both intensities of blue 
light and under the short day treatment. The low intensity blue affected 
the budding time either not at all or increased it slightly. The higher in- 
tensity delayed the budding time from 20 to 50 per cent. in all the short day 
plants with the exception of Salvia. 

With aster, Scabiosa, Xanthium and soybean, all the radiation treatments 
increased the total dry weight over that of plants in the short day. Spinach 


TABLE VI 


FLOWERING AND WEIGHT DATA ON Spinacia oleracea, VARIETY NOBEL 
SEEDING DATE: OCTOBER 27, 1938 
IRRADIATION DATES: DECEMBER 13, 1938, TO HARVES' 
HARVEST DATE: JANUARY 20, 1939 
NUMBER OF PLANTS PER TREATMENT: 20) 
Tessas No. No. Ay. AV. DRY WEIGHT DRY Top 
MENT DAYS DAYS TO came ; ra -| MAT ROOT 
TO BUD* FLOWER* ror Roo PoraL TER RATIO 
cm. md. md. nd. q 
Short 
day 0.4 505 77 582 9.3 6.4 
Blue 0.5 478 66 544 9.6 7.2 
Blue 
4X 0.6 457 63 520 8.3 ia 
Yellow- 
green 20 34 27.4 872 1] 985 7.8 7.8 
Red 20) 34 35.8 870 104 974 8.2 8.4 


* From beginning of long day treatment. 








PHYSIOLOGY 


PLANT 


616 






















* scoetaneiiainnedinneantaaneaii os 
a aE Mi TELE I NEE EP NORIO. penennaiienss 
EL L’¢ PET STI 
OFT G Lol Ltt 
él v4 Cc gO] Let 
061 [9 LO [91 
06 L6 Lc] 
"Wa Y ju ‘fu UL 
AVaT LNV'ld SUAVa'I IV.LO.J, dO], oe 
HDIaI 
VaNV VauV ‘ON 
AVIA iVaT ‘AY ‘AV ‘v 
; ' ; Fs \ LHDIAM AUC ‘AY 


NadM 





0G *LNANLVANL Ad SLNV Ia dO YaWoaN 
686 “& AU Hdd] -ALVd LSaANy H 
LSAAUYVH OL NOLLY NINYWAY :Ssaiva NOLLVIGVUUy] 
SE6L ‘OT waawa aT -aLVd DNiaaag 
OW ALAMUVA ‘anu ploy NO Viva LHDIAM GNV DNIug MOT] 


ITA WTAVAL 











iO" 
wwe. MOTIOA 
XP Ong 






qcqid ow; 
(vad 


"ON 














WITHROW AND WITHROW : PHOTOPERIODIC RESPONSE 


TABLE VIII 


FLOWERING AND WEIGHT DATA ON Xanthiwm pennsylvanicum 


TREAT No. 

sears DAYS 
TO BUD 

Short 

day 33 
Blue 33 
Blue 

4X 47 
Yellow- 

green 
Red 


FLOW 


IRRADIATION DATES: GERMINATION TO HARVEST 
HARVEST DATE: JULY 15, 1939 
NUMBER OF PLANTS PER TREATMENT: 30 
site No. AV. DRY WEIGH Dry 
[REAT- ; AV. i 
fei DAYS MAT- 
MENT ; HEIGHT se es se : 
TO BUD lop Root Porat TER 
cm, nd. md. mid. % 
9 hour day 14 4a 355 16 $()] 9.0 
24 hour day 9.6 289 1] 330 9, 
—" 
TABLE X 
FLOWERING DATA ON Salvia splendens, VARIETY FAIRLY TALI 


TREATMENT 


Short day 
Blue 
Blue 4X 


Yellow-green 


Red 


SEEDING DATE: JANUARY 5, 1939 

IRRADIATION DATES: GERMINATION TO HARVEST 
HARVEST DATE: MARCH 17, 1939 

NUMBER OF PLANTS PER TREATMENT: 10 








No. Ay AV. DRY WEIGHT DRY Topr/ 
DAYS TO Serres at MAT- ROOT 
a. HEIGHT on ae SINS 
FLOWER lop Roor rorTaL TER RATIO 
cm. mg. md. mg. % 
57 24.8 3720 590 $310 6.3 
57 32.0 3680 610 4290) 6.0 
71 35.5 3100 610 3710 11.1 5.1 
40.3 3670 690 $360 5.3 
43.3 3690 720 $410 SD 5.1 


an 1 , 
TABLE [X 

ERING AND WEIGHT DATA ON Xanthium pennsylvanicum 

SEEDING DATE: JUNE 26, 1939 


JANUARY 3, 1939 
DATE: GERMINATION TO HARVEST 
APRIL 21, 1939 


SEEDING DATE: 
IRRADIATION 
HARVEST DATE: 


NUMBER OF PLANTS PER TREATM] . I 
No. 
Av. ted 
YAYS 
HEIGHT 
oO BUD 
ec 
11] 74 
113 74 
114* 7¢ 
12] 
L130 


Height to base of flowering spike. 


Top/ 
ROOT 
RATIO 


No. DAYS 
TO 
FLOWER 


98 
104 


108 
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TABLE XI 


FLOWERING DATA ON Tithonia speciosa 
SEEDING DATE: DECEMBER 5, 1938 
TRRADIATION DATES: GERMINATION TO HARVEST 
HARVEST DATE: Marcu 21, 1939 
NUMBER OF PLANTS PER TREATMENT: 20 


No. No. DAYS : : : 
TeearMEnT Ruenfend = AV. NI MBER OF FLOWERS 

TO BUD FLOWER — we 
Short day 38 74 32 flowers and flower buds 
Blue 51 78 28 flowers and flower buds 
Blue 4X 56 86 21 flowers and flower buds 
Yellow-green 15 vegetative buds 
Red 18 vegetative buds 


increased in dry matter only under red and yellow-green radiation and the 
most pronounced increases generally occurred under the influence of the 
longer wavelengths. The longer wavelengths caused a decrease in the per- 
centage of dry matter in all the plants studied except Scabiosa, where there 
was little variation between any of the plots at the time of harvest. There 
was a definite decrease in the percentage of dry matter with the higher blue 
intensity with spinach, Xanthium and soybean. 

The dry weight data as given in the tables for the blue plot is in several 
instances higher than the control and blue 4X plots. This is especially true 
of the aster and Seabiosa data. This condition was possibly caused by the 
slightly higher air temperature in the end of the greenhouse where the blue 
plot was located. The air temperature for this plot occasionally ran several 





Fig. 2. Callistephus chinensis, variety Heart 


of irradiation. 
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Fig. 3. Scabiosa atropurpurea, variety Azure Fairy. Photographed after 81 days 


of irradiation. 


uve Biue 


Fic. 4. Spinacia oleracea, variety Nobel. Photographed after 37 days of irradiation. 
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FIG. 5. Soja max, variety Mukden. Photographed 73 days after seeding. 


degrees higher than that for the others owing to a door opening into an 
adjacent warmer house. 

An inerease in height occurred under the red radiation with all the plants 
used in the investigation. The greatest increase occurred with the long day 
plants. The aster and spinach in the short day treatment remained in 
rosette form, while the red and yellow-green radiation brought about marked 
increases in height; in the case of spinach this amounted to as much as 80 to 
90 times. The relative increase in height in the short day plants was not so 
great, being of the order of from 0.1 to 3 times. 





Fic. 6. Xanthium pen sylvanit« 1 Photog | hed 64 days after 


seeding 
seeding. 
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The top-root ratio was increased under the red in all cases where weight 
data were taken, except with Xanthium where the ratio was highest under 
the short day treatment. With Xanthium, the decreased ratio appeared 
under the yellow-green and high intensity blue, as well as under the red. 
Because of this difference in relation to the other plants, a second group of 
these plants was grown under a 9-hour day and under a 9-hour day supple- 
mented with 15 hours of red radiation. The data for these are presented in 
table IX. The red radiation again caused a lower top-root ratio than did 
the short day condition. In aster, spinach, and soybean the top-root ratio 
was increased by the yellow-green and blue radiation treatments, but not to 
the degree occurring under the red. 

Aster showed a decreased number of leaves under the red, yellow-green 
and high intensity blue and a marked increase in leaf size, progressively 
through the blue, high intensity blue, vellow-green, and red. Leaf area also 
was increased to the greatest extent under the red, although all the supple- 
mental radiations had some effect. 

In soybean, there was no significant variation in number of leaves per 
plant among the various plots at the time of harvest, but there was an in- 
crease in leaf area under the supplemental light treatments in the same pro- 
gressive order as for aster but the percentage increase was not so great as 
with aster. 

In the case of Tithonia, it is interesting to note that the blue has an in- 
hibitory effect on the number of flower buds, the high intensity blue having 
a greater inhibitory effect than the low. 


Discussion 

These results are quite consistent in indicating that it is the longer wave- 
lengths of the visible spectrum which are chiefly responsible for the photo- 
periodic response of both long and short day plants to long day treatments. 
The red is apparently somewhat more effective than the yellow-green. The 
blue is only slightly influential in altering the response of the plant from 
that obtained in the short day condition. In general, height, weight, top- 
root ratio, and the percentage of dry matter all point to the conclusion that 
the longer wavelengths also induce the vegetative responses associated with 
the long day treatment. 

Since the blue has little influence in both inhibition of flowering in short 
day plants and flower induction in long day plants, it appears that the blue 
radiation is not strongly absorbed by the photo-activated molecule involved 
in the photoperiodic system since only that radiation which is absorbed ean 
be effective. Therefore, it must be assumed either that the absorbing mole- 
cule has strong absorption bands in the red, weaker bands in the yellow- 
green, and very weak bands in the blue, or that the blue bands are relatively 
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strong, but that a blue absorbing system such as the carotenoids is exhibiting 
a filtering effect. The latter hypothesis appears rather unlikely since, while 
the carotenoids are a part of the pigment system of the chloroplasts, they do 
not produce a sufficiently strong filtering effect to greatly reduce the absorp- 
tion of blue radiation by the chlorophyll. Photosynthetic activity and chlo- 
rophyll absorption show maxima of the same order of magnitude in the blue 
and the red. It hardly seems likely that the carotenoids would exert any 
stronger filtering effect in the case of photoperiodic processes. 

Assuming negligible filtering effect, the general region of maximum ab- 
sorption within the visible spectrum of the photo-activated molecular species 
involved in the mechanism is in the red, with a somewhat decreased absorp- 
tion in the yellow-green, and a greatly reduced absorption in the blue. The 
photo-activated molecule involved in photoperiodism is probably the same 
for both long and short day plants since the same general regions of radia- 
tion are effective in producing their respective responses. 

Since the leaves of the plant have been identified as the principal loci for 
radiation absorption leading to photoperiodic flower induction and inhibition 
(2, 6, 7), it would appear that there is a pigment present in the leaves which 
has a region of maximum absorption in the red and a minimum in the blue. 
That this pigment must be present in all of these plants, regardless of their 
flowering response to daylength, is postulated from the results which show 
that the effective and therefore absorbed radiation for the plants investi- 
gated, both of the long and short day type, is in the longer wavelengths. 

The results do not point beyond the initial absorption of radiant energy. 
It should be pointed out that the molecule absorbing the radiation is not 
necessarily involved in the series of steps leading to the eventual photoperi- 
odic response further than the transfer of energy to activate other molecules. 
What type of reaction within the plants which leads to the induction of flower 
buds in the one case and the production of foliar buds in the other is not 
indicated. 

The hypothesis presented herein as to the similar nature of the absorp- 
tion reaction involved in the photoperiodic responses of long and short day 
plants is based upon results obtained with only three relatively wide bands 
of radiation of equal energy in the visible spectrum. Studies must be made 
at many more points in the visible spectrum with very narrow bands or 
monochromatic radiation before conclusive evidence can be presented as to 
the absorption spectrum of the photo-activated substance. 


Summary 


Three long day plants, Callistephus chinensis, variety Heart of France, 


Scabiosa atropurpurea, variety Azure Fairy, Spinacia oleracea, variety 
Nobel, and four short day plants, Soja mar, variety Mukden, XYanthium 
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pennsylvanicum, Salvia splendens, variety Fairly Tall, and Tithonia speciosa 
were grown in subirrigation nutrient solution culture. They were given 
natural short winter days and days lengthened to 24 hours by blue radiation 
(4047 and 43584), yellow-green (5770 and 5791A), and red (6400-9000A) of 
approximately 100 ergs/cm.*/second, and blue of 400 ergs/cm.*/second. 

All the long day plants set macroscopic flower buds under red and yellow- 
green radiation ; spinach and Seabiosa failed to set buds under blue or the 
short day condition. China aster, which was grown into the longer spring 
days, flowered under a 12-hour daylength, the blue radiation having only a 
slight effect in reducing flowering time. 

All the short day plants flowered under the short day condition and blue 
radiation, but failed to set buds under either red or yellow-green. 

The red radiation brought about an increase in dry matter in all the 
plants studied. In some cases, the yellow-green and blue radiations also 
brought about an increase in total dry weight. Except with Seabiosa, the 
red and yellow-green caused a decrease in the percentage of dry matter, how- 
ever. The higher blue radiation also caused a decreased percentage of dry 
matter with spinach, Xanthium, and soybean. 

Height was increased under the red and yellow-green with all the plants, 
the increase being of much greater magnitude with the long day plants than 
with the short day ones. 

Top-root ratio increased under the longer wavebands in all cases with the 
exception of Xanthium where a decrease in ratio was noted. With aster, 
spinach, and soybean, the ratio was increased also by the blue but not to the 
extent occurring under the red. 

Leaf area for aster and soybean was increased progressively from the 
short day through the blue, high intensity blue, vellow-green, and red. 

The results secured in this investigation indicate that it is the longer 
wavelengths of the visible spectrum which are primarily effective in produc- 
ing the flowering and vegetative effects secured under long day treatments 
with both the long and short day plants used. The initial photo-chemical 
step appears to be similar for all the plants tested. 


The authors wish to express their sincere appreciation to Mr. Ropert K. 
SHOWALTER and Mr. THomas Eastwoop for their assistance with the experi- 
mental work. 


INDIANA AGRICULTURAL EXPERIMENT STATION 
West LAFAYETTE, INDIANA 
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EFFECTS OF ENVIRONMENTAL FACTORS ON OXIDIZING 
ENZYMES OF ROSE MALLOW SEEDS 


KATHRYN STALEY 


(WITH EIGHT FIGURES ) 


Introduction 


The power of plant tissues to break up hydrogen peroxide into water 
and molecular oxygen was known long before catalase was recognized as 
an enzyme, discovered, and named by Loew (18) in 1901. This discovery 
opened a new field for investigation and many studies were undertaken. 
The wide distribution of catalase in plant and animal tissue led LoEw to con- 
elude that it might serve as a protective measure against the injurious 
protoplasmic effects of hydrogen peroxide and possibly other related com- 
pounds formed in respiration. Dixon (8) has shown that when purine bases 
are oxidized by molecular oxygen in the presence of xanthine-oxidase as a 
catalyst, the oxidase undergoes destruction during the course of the reaction 
owing to the hydrogen peroxide that is formed. He found that this de- 
struction could be prevented by the addition of catalase. Pneumocoeei in 
contact with a free supply of oxygen produced hydrogen peroxide in suffi- 
cient amount to inhibit their growth, but if catalase were added the bacteria 
grew vigorously. 

A close correlation between catalase activity and respiration was found in 
potatoes (2), in rice grains germinated under water (22), and in sweet corn 
(3). CrocKER and HarriIneTon (6) found this same correlation in the seeds 
of Johnson grass but not in Amaranthus. Rune (26) using a number of 
different seeds concluded that catalase activity is a measure of the metabolic 
activity only when there is a rapid change in respiration. The absence of 
catalase activity in certain blue green algae (14) and in anaerobie bacteria 
(20) indicates that catalase is not essential to the respiration of all cells. 
McLeop and Gorpon (20) consider it possible that catalase destroys some 
injurious substance such as HO, which is produced by aerobic organisms 
and by anaerobic organisms in the presence of oxygen; thus anaerobie organ- 
isms lacking catalase would be injured when exposed to oxygen. 

A variation in catalase activity was observed by Popr (24, 25) in the 
different parts of the same barley plant. The relation of the catalase activity 
to physiological breakdown in Jonathan apples convinced NELLER (23) that 
eatalase activity could be used as a true index of the rate of metabolic activ- 
ity. Hericke (15, 16) concluded that catalase activity is a highly sensitive 
index to changes in the internal condition of the apple tree, and that this 
activity varies with the season, with the part of the tree tested, and with 
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various environmental factors. He believed that the catalase activity would 
eventually prove as good an indicator of metabolism as do the temperature 
and pulse rate in the human body. 

The detailed nature of catalase has been carefully investigated. LoEw 
(18) recognized an insoluble and a soluble form. He thought the insoluble 
form, or alpha catalase, was a compound of the soluble form with a nucleo- 
protein. The soluble form, beta catalase, was considered an albumose which 
could be liberated by the action of a very dilute alkaline medium upon the 
insoluble form. APPLEMAN (1) was able to separate the two forms by the 
use of ordinary filter paper, but could not do so with a Chamberland-Pasteur 
filter. Approximately fifty per cent. of the total enzyme content passed 
through the filter paper, indicating that the two forms were present in about 
equal amounts. 

For the chemical analysis of catalase, liver has served as the most con- 
venient source of the catalase preparation. EULER and JosepHson (11) 
state that no relationship exists between the activity of the preparation 
and the percentage of iron present. They analyzed two preparations which 
had a eatalytie activity of 43,000 and 40,000 respectively, and found that the 
former contained 0.63 per cent. iron while the latter contained 0.15 per cent. 
ZeEILE and HEuistrbM (32) found that a strong preparation of catalase 
obtained from horse liver had a distinct absorption spectrum corresponding 
toa hematin compound. Regardless of degree of purity they thought there 
was a strict proportionality between the catalytic activity and the concen- 
tration of the porphyrin-bound iron. Comparing the value calculated for 
hemin with that for catalase they found that in the eatalase union the iron 
was decidedly more active than the usual porphyrin-bound iron. They 
concluded that the porphyrin-iron complex in catalase must be bound in a 
very specifie way to the protein or some other colloidal carrier, which bind- 
ing confers to it this unusual increase of activity. They also found that 
such factors as high temperature, alkali, acids, or the addition of small 
amounts of KCN or H.S, which abolished or inhibited the catalase activity, 
also modified the absorption spectrum of the hematin. Stern (27) studying 
the activity of ferrous and ferric ions, hemin, and catalase, respectively, in 
decomposing H,O., found that the binding of iron into porphyrin resulted 
in a greater catalytic activity than for iron alone; and a still greater activity 
was obtained when hemin was coupled with catalase protein. The absorption 
spectrum and pH observations led Stern (27, 28) to conclude that the 
parahematin compounds were closely related to natural catalase. It has 
been estimated that the diameter of a catalase particle is 5.46 my and that the 
molecular weight of catalase is approximately 68,900. This indicates that 
the molecules are similar in size to those of hemoglobin. Horse liver catalase 


has been split by dialysis into two inactive components, one of low molecular 
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weight (possibly hemin) and the other possibly protein, which, upon being 
mixed become active. TAUBER and KLEINER (30) concluded that catalase 
solutions could be digested by trypsin. 

Crystalline catalase prepared from beef liver (29) coagulated upon heat- 
ing and showed many other properties characteristic of proteins. The in- 
vestigators report that the pyridine hemochromogen test was readily obtained 
with this preparation. It appears, then, that catalase is similar to peroxi- 
dase (13) and oxidase (13, 31, 44) in having an iron-porphyrin complex as 
the active group. 

The catalase studies reported here were undertaken to determine the effect 
of environmental factors such as temperature, exposure to gases, and the 
submergence of seeds in water upon the activity of this iron porphyrin com- 
plex of imbibed seeds. Other oxidizing enzymes also were studied to obtain 
a more generalized idea of the effect of such conditions on the enzyme com- 
plexes associated with oxidation in the plant. 

In biological oxidations, peroxidases are thought to transfer the oxygen, 
linked as a peroxide, to oxidizable substances. They cannot decompose H,O, 
in the absence of an oxidizable substance. The oxidases render such matter 
more susceptible to reduction. 


Materials and methods 


Seeds of the Malvaceae are noted for their hardness and longevity. Two 
varieties of rose mallow, or Hibiscus, were selected: the variety Golden 
Bowl, and variety Dark Red. The seeds of the former are larger than those 
of the latter and are approximately twice as heavy; both are very erratic 
in germination because of their impervious seed coats. Seeds of the 1936 
crop of Dark Red and of the 1934 and 1936 crop of Golden Bowl were 
obtained from Henry Dreer Seed Co., Philadelphia, Pa. Only a small 
quantity of the 1936 crop of Golden Bowl was available. 

In order to secure greater uniformity in germination the seeds were sub- 
jected to the action of H.SO, (sp. gr. 1.84) for 53 minutes, washed with 
sterile water, and the acid neutralized with lime water. They were placed in 
sterile water until they showed evidence of swelling, disinfected with 0.25 per 
cent. solution of uspulin for one hour, and thoroughly washed with sterile 
water. The usuplin treatment was inadequate for the seeds which were kept 
under water for 30 days, consequently, a more effective method of disinfec- 


tion was used. This treatment consisted of soaking the seeds 4 hours in a 
1:30 dilution of Zonite and rinsing in sterile water before placing them 
under the conditions of the experiment. 

All glassware, cellucotton, filter paper, and water used for the experi- 
ments were sterilized in the autoclave at 15 lb. pressure for 30 min. on each of 
two successive days. A modified APPLEMAN (1) apparatus was used for 
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catalase determinations; the liberation of oxygen from neutralized Merck’s 
hydrogen peroxide served as a measure of the catalase activity. Each bottle 
was standardized by permanganate titration before using, and the equivalent 
of 10 ml. was used for each determination. The tissue was ground for 5 min. 
in a mortar with clean sand, a small excess of CaCO,, and a measured amount 
of distilled water. The material was then washed into the shaking bottle 
with the remainder of the water previously measured. The equivalent of 
10 ml. of water was used for each determination. The bottle was fastened in 
the shaker in such a manner that the former was suspended in a water bath 
maintained at a temperature of 20° C. When the contents of the bottle were 
of the same temperature as the water bath, the two-holed stopper fitted with 
dropping funnel and delivery tube was adjusted to position, and 10 ml. of 
neutralized H.O. was added 15 seconds before the shaking began. The 
levelling bulb was used to maintain pressure equilibrium. Readings were 
taken at 1, 2, 3, 5, and 10 minutes. The first four readings served as a 
check on the final reading and showed the raie at which the molecular oxygen 
was evolved. The results were corrected for standard conditions of tem- 
perature and pressure. 

Simplified Bunzell tubes and a mechanical shaker were used for 
oxidase determinations. The tissues were ground for 5 min. in a mortar 
with a very small quantity of distilled water. The ground tissue was then 

vashed into a small graduated calibrated cylinder. The volume was brought 
to 4 ml. and the contents thoroughly mixed. One ml. of this mixture was 
pipetted into the short arm, and 5 ml. of a 1 per cent. solution of pyrogallol 
into the larger arm, of the Bunzell tube; care was taken not to mix the two 
until the shaker was started. The top was adjusted to leave the contents 
open to the outside air, while the tube was fastened into the mechanical 
shaker and allowed to stand until temperature equilibrium had been estab- 
lished: The top was then turned to prevent contact with the outside air and 
the shaker, adjusted to make one hundred complete excursions per minute, 
set in motion. Readings were made at 15-minute intervals for the first hour 
and at thirty-minute intervals for the second hour. At the-end of the first 
hour the manometers were opened and reset. The Bunzell tubes were cali- 
brated, and the results corrected for 25 ml. volume and standard conditions 
of temperature and pressure. 


Results 
TEMPERATURE EFFECTS ON CATALASE 
Imbibed seeds of the two varieties tested were placed on moist cellucotton 


and filter paper in sterile Petri dishes. The seeds were subjected to tempera- 


tures of 8°, 20°, 37°, 42°, and 47° C. for a period of seven days. Catalase de- 


terminations in duplicate were made daily. Six seeds of variety Golden Bowl 
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and twelve seeds of Dark Red, respectively, were used in a determination. 
All results were corrected to standard conditions. 

Seeds of the 1934 crop of Golden Bowl subjected to temperatures of 8°, 
20°, and 27° C. show a decrease in catalase activity, followed by an increase 
until the food is exhausted, at which time the catalase decreases (table IA). 


TABLE I 
TEMPERATURE EFFECTS ON CATALASE ACTIVITY OF HIBISCUS SEEDS. 


MILLILITERS OF OXYGEN LIBERATED IN TEN MINUTES 


TEMPERATURE 
DAYS 
8°C. | 20°C. 27° C. 37° C, 42° ©, 47°C. 


ml, ml, ml, ml, ml, ml, 


A 0 | 396 | 39.6 39.6 39.6 39.6 39.6 

l 41.2 | 32.1 34.4 40.2 30.2 0.9 

2 40.3 | 40.5 34.8 40.2 9.7 0.0 

Golden Bowl 3 29.7 71.0 66.9 36.3 14.8 0.0 
Six seeds of 1934 crop 4 33.6 | 52.8 36.0 31.5 4.5 0.0 
5 42.6 76.6 55.4 14.2 4.3 0.0 

6 44.6 82.8 79.0 6.0 1.9 0.0 

7 45.9 | 55.6 97.1 4.8 1.0 0.0 

B 0 36.6 36.6 36.6 36.6 36.6 36.6 

1 40.3 40.9 35.9 29.3 15.6 0.5 

2 32.6 33.9 34.6 28,2 16.8 0.4 

Golden Bowl 3 33.0 38.4 15.4 15.5 7.1 0.4 
Six seeds of 1936 crop 4 29.3 42.7 15.6 14.1 5.7 0.3 
5 32.2 48.5 65.9 13.4 4.7 0.2 

6 28.3 59.5 109.6 13.5 2.2 0.1 

7 30.9 | 69.8 93.5 5.8 1.4 0.1 

C 0 38.8 38.8 38.8 38.8 38.8 38.8 

] 26.6 19.4 20.6 22.4 27.0 0.0 

2 28.0 46.2 57.4 35.5 19.5 0.0 

Dark Red 3 39.7 46.8 35.1 31.8 4.8 0.0 
Twelve seeds of 1936 crop 4 23.91 71.7 97.5 38.4 12.9 0.0 
5 22.6 | 91.5 105.3 38.5 8.6 0.0 

6 19.2 | 97.6 104.7 33.1 6.4 0.0 

7 24.5 | 109.4 86.5 29.5 4.9 0.0 


The drop in catalase content is slower in the seeds kept at 8° C. since it takes 
place on the fourth day ; at 20° and 27° C. the depression occurs on the first 
day. At 37° C. there is noted a very slight increase on the first and second 
day (the depression may have come earlier than the 24-hour limit) followed 
by a gradual decrease in catalase content. The seeds at this temperature 
vave no visible signs of germination. At 42° C. there is a slight decrease on 
the first day followed by a rapid drop in catalase activity. At 47° C. the 
decrease the first day is very rapid and soon reaches zero. 


The catalase activity of the 1936 crop of variety Golden Bowl agrees 
rather closely with that of the 1934 crop (table IB). At 47° C. the catalase 
activity shows a slightly greater resistance to this temperature than that 
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of the 1934 crop. The results obtained indicate that the difference in age 
in these particular seeds is of no significance in catalase activities. 

The seeds of variety Dark Red and Golden Bowl respond in a similar 
fashion in both germination and catalase activity (table IC, fig. 1, 2). 
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Fic. 1. The effect of temperature on the catalase activity of imbibed seeds of 
Hibiscus variety Dark Red. (a) 27° C., and (b) 8° C. 
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Fic. 2. The effect of temperature on 


the eatalase activity of imbibed seeds of 
Hibiseus variety Dark Red. (a) 20° C., (b) 


37° C., (e) 42° C., and (d) 47° C. 
At 8°, 20°, 27°, and 37° C. there is a characteristic decline in catalase activity 
in the early stages of germination, followed by an increase. 


This decrease 
occurs later with seeds kept at 8 


C. than with those at the higher tempera- 
tures. Good germination occurred at 20° and 27° C 


.. While only a few were 
able to germinate at 37° C. 


Apparently this accounts for the greater activ- 
itv of the catalase at 37° C. as compared with that of the Golden Bowl seeds 
at the same temperature. At 42° C. the seeds gave no indication of germina- 
tion and there was a gradual decrease in the catalase activity. At 47° C. 
the catalase was completely inactivated during the first day. 
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The results indicate that the catalase activity follows a definite course. 
In the early stages of germination the activity is depressed, but increases as 
germination progresses, until the food supply is apparently exhausted. 


THE EFFECT OF OXYGEN AND NITROGEN ON CATALASE 


In order to determine the effect of oxygen and nitrogen on the catalase 
activity of imbibed seeds, swollen seeds of both species were placed on moist 
cellueotton and filter paper in a series of 8-oz. bottles. Each bottle contained 
a number of seeds sufficient for seven daily determinations. The bottles 
were connected and one series subjected to a steady stream of oxygen; the 
second series was subjected to a steady stream of nitrogen. The bottles were 
kept in the basement at a room temperature of 25°-27° C. Six seeds of 
Golden Bowl and twelve seeds of Dark Red, (except where indicated) were 
used in each determination. 

TABLE II 
CATALASE ACTIVITY OF HIBISCUS SEEDS TREATED WITH OXYGEN. MILLILITERS OF 
OXYGEN LIBERATED IN MINUTES ON SEVEN CONSECUTIVE DAYS 


MINUTES 











Days | SIX SEEDS OF GOLDEN BoWL TWELVE SEEDS OF DARK RED 

Ve 2 3 5 10 2 ers 10 

| ml, ml. mil. ml. ml. ml. ml. ml. ml. ml. 
0 6.7 14.6 20.7 23.0 39.6 9.2 14.8 19.4 26.8 38.8 
] Tae 11.8 15.7 20.6 30.4 7.3 11.8 17.1 23.1 34.0 
2 10.9 16.9 21.4 28.1 37.6 13.1 22.0 33.3 45.0 69.1 
3 12.1 20.9 28.3 39.1 57.1 21.4 35. 46.9 64.1 89.7 
4 11.7 20.6 27.6 38.9 57.8 35.3 60.4 79.0 | 108.4 | 152.9* 
5 15.1 31.7 36.0 52.6 75.1 34.9 58.1 78.6 109.5 | 160.8* 
6 17.6 | 28.3 | 369 | 51.9 76.5 | 30.1 49.7 64.4 88.7 | 127.4* 
7 6.1 9.9 14.1] 20.9 33.7 30.0 49.0 62.9 86.6 | 118.3* 


* Owing to the high catalase activity, 6 seeds were used for each determination and 
four determinations made so that the number given above is the amount of O. evolved 
by 12 seeds. 
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Fig. 3. The effect of oxygen on the catalase activity of imbibed seeds of (a) variety 
Dark Red and (b) variety Golden Bowl. Based on 10-minute data. 
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The results given in table II and figure 3 are for 1, 2, 3, 5, and 10 minutes, 
This shows the rate at which the oxygen is evolved as well as the final read- 
ing. The results given indicate that the seeds of the two species treated with 
oxygen show the same general course of catalase activity which is similar to 
that obtained in the seeds subjected to temperatures favorable for germina- 
tion. The seeds of both species show a decrease in catalase on the first day, 
with an increase reaching the peak for variety Dark Red on the 5th day and 
for Golden Bowl on the 6th day, followed by a decrease. The conditions 
were favorable for good germination. 

The results of the treatment with nitrogen are essentially the same as 
those obtained with oxygen (table III, fig. 4). The amount of increase in 
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Fie. 4. The effect of nitrogen on the catalase activity of imbibed seeds (a) Golden 
Bowl and (b) Dark Red. Based on 10-minute data. 


catalase activity is less, however, and it was not completely inactivated dur- 
ing the seven day period. Only the initial stages of germination were noted 
since the absence of oxygen precluded the possibility of the usual reaction. 


TABLE III 


CATALASE ACTIVITY OF HIBISCUS SEEDS TREATED WITH NITROGEN. MILLILITERS OF 








OXYGEN LIBERATED IN MINUTES ON SEVEN CONSECUTIVE DAYS 
MINUTES 
DAY SIX SEEDS OF GOLDEN BowL TWELVE SEEDS OF DARK RED 
Ss 
1 2 3 5 10 l 2 et Ee 
ml, ml. ml, ml. ml. ml. ml. ml, | ml, ml. 


6.7 14.7 20.7 23.0 31.0 9.2 14.8 19.4 26.8 38.8 


1 4.9 10.3 13.6 19.0 23.8 4.9 8.4 11.6 15.6 21.3 
2 11.0 18.7 25.0 32.5 40.8 5.1 8.7 12.2 16.7 23. 

3 12.1 20.6 27.2 35.6 45.5 5.2 9.5 13.1 18.8 27.3 
4 6.8 14.7 19.6 29.6 45.3 4.5 7.7 10.3 14.1 19.4 
5 7.6 14.8 21.3 33.7 40.9 4.0 6.6 9.6 13.6 19.2 
6 7.2 13.2 18.4 25.5 34.4 3.7 6.7 .3 13.6 19.4 
7 6.9 Rt Bey 16.4 23.1 35.0 3.6 6.7 9.4 15.3 20.8 
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CATALASE ACTIVITY OF SUBMERGED SEEDS 

Imbibed seeds were placed in a series of plugged tubes containing sterile 
distilled water to a depth of 5, 100, and 155 mm. The seeds were kept at 
room temperature for a period of thirty days and catalase determinations 
were made daily. Six seeds of Golden Bowl and 12 seeds of Dark Red were 
used in the determinations. Under all conditions there was a decrease in 
catalase activity in the early part of the time period then a slight increase 
followed by a marked decrease (table IV). Figure 5 shows the course of the 
catalase activity of the 1934 crop of Golden Bowl at the various depths. 
The embryos were able to undergo the early stages of germination and a few 
pushed the radicle through the seed coat. The rate and amount of decrease 


TABLE IV 
CATALASE ACTIVITY OF HIBISCUS SEEDS SUBMERGED IN WATER. MILLILITERS OF 
OXYGEN LIBERATED IN TEN MINUTES ON THIRTY CONSECUTIVE DAYS 





























GOLDEN BOWL, 6 SEEDS DARK RED, 12 SEEDS 
1934 cRoP 1936 cRoP 1936 cRoP 
Days }#—— Tt - : ae ened 
WATER DEPTH W ATER DEPTH WATER DEPTH 
5mMM. 100 mM. 155 MM.|} 5™MM. 100MM. 155 MM.|; 5MM. 100 MM. 155 MM. 
ml. ml, ml, ml. ml. ml. ml. ml, ml, 
0 45.0 45.0 45.0 | 47.0 47.0 47.0 39.0 39.0 39.0 
35.5 44.4 28.3 | 30.8 40.4 37.7 22.6 13.8 21.5 
$.-.| a 37.3 39.7 36.1 39.6 41.7 25.0 23.0 23.7 
3 | 44.5 46.6 50.0 43.4 40.4 29.6 19.7 20.7 22:3 
4 | << 50.5 41.7 41.7 40.5 42.4 30.4 20.9 21.9 
5 | 42.1 43.2 56.5 34.5 39.2 37.6 26.9 33.6 24.9 
6 i: 1. 41.9 42.1 27.6 43.7 37.5 21.5 25.4 19.3 
7 | 43.6 37.4 43. 43.6 41.7 39.7 22.8 16.3 18.2 
8 33.6 33.9 36.3 43.6 34.5 32.9 23.2 27.5 21.3 
S | Ss 19.6 44.0 | 48.5 33.2 38.6 22.7 20.2 21:3 
im } was 32.8 43.9 | 44.7 36.3 40.1 20.9 20.2 17.4 
11 34.4 19.9 22.9 44.1 34.5 41.3 21.9 15.8 22.8 
12 | 308 182 164 | 483 383 349 1.9 146 181 
sj way 18.0 198 | 449 33.8 34.1 0.8 14.6 19.2 
14 | 338 18.5 23.9 | 38.2 33.7 37.1 21.8 12.1 15.9 
15 41.6 13.4 19.6 36.2 30.0 30.5 20.3 12.3 15.1 
16 37.7 13.5 8.8 39.9 16.9 26.7 21.1 23.9 16.2 
17 25.2 15.5 98 | 40.1 13.8 21.7 16.5 19.5 15.4 
6 6 ee 18.4 90 | 42.2 12.2 18.1 27.2 16.9 17.3 
19 | 189 15.5 10.1 27.9 18.6 11.9 25.1 11.8 21.4 
» 1: 9.4 13.6 | 27.7 17.4 3.2 24.4 12.2 18.2 
i nn oe 13.4 9.9 30.0 19.2 6.9 20.7 22.4 13.8 
Ss | ms 14.1 5.5 32.8 23.8 10.2 18.5 9.2 12.9 
23 27.2 14.4 1.4 32.1 29.7 73 18.4 15.6 9.0 
24 16.8 14.3 2.9 31.6 19.9 3.3 17.3 14.6 12.2 
25 16.3 12.2 2.3 25.0 17.4 6.6 20.7 15.3 15.1 
26 17.5 10.4 3.6 15.7 3.6 5.3 21:3 13.5 14.6 
27 17.8 11.3 3.7 27.9 5.8 3.4 19.6 13.6 9.4 
28 8.3 7.3 2.6 27.1 4.1 2.0 26.8 10.3 13.7 
29 13.6 4.8 0.3 28.9 2.9 1.7 19.4 7.6 17.5 
7 0.2 91.1 1.0 0.2 21.7 14.8 16.6 


30 | 13.4 0 
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Fie. 5. The effect of a limited supply of oxygen on the catalase activity of Golden 
Bowl, 1934 crop. Solid line represents imbibed seeds immersed under 5 mm. of water, 
line of short dashes seeds immersed under 100 mm., and line of long and short dashes 
seeds under 155 mm. 


was evidently correlated with the oxygen supply. The seeds submerged 
at a depth of 100 mm. and 155 mm. showed a much greater decrease of cata- 
lase activity over the later period of the experiment than did those at a depth 
of 5mm. In all cases the decline in the catalase activity was well under way 
in the seeds subjected to 100 mm. and 155 mm. by the fifteenth day. The 
Golden Bowl seeds of the 1934 crop, at all three depths, showed at some stage 
in the course of the experiment a greater catalase activity than was present 
at the beginning. This was shown by the seeds of the 1936 crop of the same 
species at the 5-mm. depth and not at all by the seeds of variety Dark Red. 
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Fig. 6. The catalase activity of seeds of variety Dark Red treated with oxygen: 
solid line represents imbibed seeds, and the broken line imbibed and held under 155 mm. 
of water for 30 days before testing. 
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At the end of the thirty-day period the seeds of this variety showed a greater 
catalase activity than did those of Golden Bowl. 

Seeds of variety Dark Red after being submerged thirty days under a 155- 
mm. layer of water were removed and placed under ideal germinating condi- 
tions with a steady stream of oxygen passing over them ; the seeds thus treated 
gave a 50 per cent. germination. Catalase determinations of the germinat- 
ing seeds were made on seven consecutive days. Figure 6 shows a compari- 
son of the catalase activity of seeds submerged for 30 days, and of imbibed 
seeds when placed under oxygen. The submerged seeds show an increase in 
catalase activity and follow the same general pattern as do the imbibed seeds. 


TEMPERATURE EFFECTS ON OXIDASE 


Imbibed seeds were placed on moist filter paper and cellucotton in sterile 
Petri dishes and subjected to 8° and 47° C. for a period of 7 days. Oxidase 
determinations were made daily using 12 seeds of the Golden Bowl and 24 
seeds of Dark Red. The results show (table V) that oxidase, like catalase, is 
destroyed or inactivated at 47° C. The amount of oxidase fluctuates at 8° C., 
showing no great increase, and reaches its lowest level on the fourth day in 
the seeds of Golden Bowl and on the seventh day in those of Dark Red. 


TABLE V 


TEMPERATURE EFFECTS ON OXIDASE ACTIVITY OF HIBISCUS SEEDS. MANOMETER READINGS 
EXPRESSED IN CENTIMETERS OF MERCURY FOR TWO HOURS ON 
SEVEN CONSECUTIVE DAYS 





GOLDEN BOWL, 12 SEEDS DARK REp, 24 SEEDS 
Days —__— — —- ——- So 

8° C. 47° C. 8° C. 47°C. 
cm. em. em. em, 
0 — 0.51 -~ 0.51 — 0.49 — 0.49 
1 — 0.25 — 0.00 0.27 — 0.00 
2 0.41 — 0,00 0.21 — 0.00 
3 0.21 — 0.00 0.33 — 0.00 
4 — 0.14 0.00 0.29 — 0.00 
5 - 0.20 — 0,00 0.13 — 0.00 
6 0.19 - 0.00 0.15 — 0.00 
7 - 0.33 ~ 0.00 0.07 — 0.00 


EFFECT OF OXYGEN AND NITROGEN ON OXIDASE 


The imbibed seeds were placed in bottles in the same manner as in the 
catalase experiment and subjected to identical conditions. Daily determi- 
nations were made using 12 of the larger variety and 24 seeds of the smaller 
variety as in the temperature tests. 

The seeds subjected to the steady stream of oxygen showed rapid ger- 
mination, but the oxidase content seemed to fluctuate during the early part 
of the experiment. The oxidase activity reached its maximum degree in 
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Golden Bowl seeds on the 6th day and in the seeds of Dark Red on the 5th 
day. The results indicate that the oxidase content does vary with germina- 
tion of the seeds. 
TABLE VI ; 


OXYGEN EFFECTS ON OXIDASE ACTIVITY OF HIBISCUS SEEDS. MANOMETER READINGS EX 
PRESSED IN CENTIMETERS OF MERCURY FOR TWO HOURS 





ON SEVEN CONSECUTIVE DAYS 
DAYS 
SEEDS - — - 
0 l 2 3 4 5 | 6 7 
cm, cm, cm. cm, em. em, cm. cm, 
Golden Bowl — 0.51 | —0.22 | —0.37 0.41 0.30 | —0.33 | —0.72 | —0.37 
(12) 
Dark Red — 0.49 0.24 | —0.36 0.24 | —0.52 | —0.92 | —0.68 0.61 
(24) 


Only a few of the Golden Bow! seeds showed any visible signs of ger- 
mination when subjected to nitrogen and the oxidase content, or activity, 
showed great fluctuation. The seeds of Golden Bowl showed a greater 
oxidase activity on the 5th day than did those treated with oxygen; this 
was not true for variety Dark Red although the high point occurred on the 
5th day as it did in the oxygen-treated seeds. 


TABLE VII 
NITROGEN EFFECTS ON OXIDASE ACTIVITY OF HIBISCUS SEEDS. MANOMETER READING EX 
PRESSED IN CENTIMETERS OF MERCURY FOR TWO HOURS 
ON SEVEN CONSECUTIVE DAYS 








DAYS 
SEEDS - aes re inane 
0 1 2 3 4 5 6 7 | 
cm. cm. cm. cm. cm. cm. cm, cm. 
Golden Bowl — 0.51 - 0,23 0.67 0.15 0.75 -094 -0.41 — 0.41 
(12) 
Dark Red —0.49 | -—0.16 0.44 0.24 -—0.16 0.60 | —0.52 | —0.56 
(24) 


THE OXIDASE ACTIVITY OF SUBMERGED SEEDS 


Imbibed seeds were placed in tubes containing sterile water as in the 
catalase experiment and under identical conditions. Twelve seeds were 
used for the daily oxidase determination of Golden Bowl and 24 seeds for 
the other species. In both varieties the first part of the period was marked 
by considerable fluctuation of oxidase activity in the seeds at all three 
depths. After the 15th day the oxidase activity decreased consistently. 
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TABLE VIII 


OXIDASE ACTIVITY OF HIBISCUS SEEDS SUBMERGED IN WATER. MANOMETER READINGS EX- 
PRESSED IN CENTIMETERS OF MERCURY FOR TWO HOURS 
ON THIRTY CONSECUTIVE DAYS 








| GOLDEN BowL, 12 SEEDS DARK RED, 24 SEEDS 
aes oa -_ utnatintina 
1934 cROoP 1936 cRoP 
Days cae - +— —- 
WATER DEPTH WATER DEPTH 
| Sum. | 100M. 155 MM, | 5 MM. 100 MM. 155 MM. 
aa al - | | ; RES 
em. | em, cm. cm, cm. cm. 
0 —0.51 ~0.51 0.51 0.49 0.49 — 0.49 
— 0.48 ~ 0.67 0.71 0.75 — 0.46 — 0.63 
2 | 0.41 - 0,31 ~ 0.37 0.83 ~ 0.10 — 0.23 
3 — 0.42 0.64 — 0.41 0.41 — 0.06 — 0.39 
4 — 0.30 0.25 0.30 0.79 — 0.51 — 0.35 
5 — 0,25 — 0.57 — 0.25 0.41 — 0.25 — 0.35 
6 ia - 0.24 0.22 0.75 0.61 — 0.27 
7 — 0.30 — 0.40 0.28 1.13 0.25 — 0.35 
8 — 0.64 ~ 0,40 — 0,22 1.00 — 0.51 — 0.46 
¢ — 0.68 — 0.16 0.18 . 0.67 0.67 ~ 0,27 
10 |} 0.71 0.28 0.17 1.34 0.58 — 0.55 
1] } — 0.47 0.36 0.14 — 0.54 0.32 — 0.59 
12 — 0.41 — 0,24 — 0.14 0.58 — 0.34 — 0.59 
13 } — 0.52 — 0.12 - 0.07 — 0.40 — 0.35 — 0.43 
14 — 0.23 — 0.20 0.17 — 0.52 — 0.25 — 0.07 
15 — 0.31 0.36 —0.14 0.66 — 0.19 — 0.23 
16 | — 0.20 — (0,24 0.17 — 0.54 ~ 0,22 — 0.15 
17 | —0.15 0.24 ~0.17 0.33 ~ 0.18 ~ 0.15 
18 | -@.21 — 0.28 0.18 —().41 0.29 — 0.23 
19 | — 0.22 — (0,24 —().18 0.66 — 0.26 «6:37 
20 —0.19 - 0.16 0.17 0.54 0.09 — 0.15 
21 — 0.22 — 0.24 — 0.17 0.54 -0.15 ~— 0.15 
22 — 0.27 — 0.29 0.15 — 0.58 — 0.00 — 0.07 
23 — 0.42 — 0.12 —0.14 0.37 — 0.00 — 0.15 
24 — 0.22 — 0.16 0.11 0.41 -0.18 — 0.27 
25 — 0.29 ~ 0.16 —0.14 0.16 — 0.10 —(0.11 
26 —0.11 — (0.28 — 0.14 0.16 0.19 —0.11 
27 — 0.21 — 0.08 0.14 0.46 0.28 —0.19 
28 — 0.19 — 0,16 — (0.14 0.50 0.11 — 0.15 
29 — 0.20 — 0.28 0.14 — 0.62 0.12 — 0.15 
30 — 0.36 — 0.24 - 0.12 0.75 0.19 — (0.15 


The seeds at the greater depth showed a greater decrease than did those 
at the 5 mm. depth. Some of the submerged seeds were able to push the 
radicle through the seed coat. Where the oxidase is present in small 
amounts, this lack of uniformity in the degree of germination in the indi- 
vidual seeds may be responsible for some of the fluctuation if the oxidase 
content is influenced by germination as the results indicate (table VI, 
fig. 7). 
Discussion 

Catalase activity in the seeds of Hibiscus varieties Golden Bowl and Dark 

Red is depressed in the early stage of germination and then increases until 
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Fig. 7. The oxidase activity of seeds of variety Dark Red: solid line represents the 
imbibed seeds treated with oxygen, and the broken line seeds treated with nitrogen. The ; 
pressures are negative. 








the food supply is apparently exhausted. This depression in the catalase 
activity is not in accordance with the findings of Crocker and HarrineTon 
(6) for grass seeds, but does agree with the work of Rutve (26) for wheat, 
feterita, clover, mustard, radish, and buckwheat, and of Lantz (17) for 
corn. Rutne concluded that catalase increased with the need of the plant 
to destroy the injurious substances produced in respiration, and thus these 
by-products stimulated the production of catalase. She explained this 
decrease in the first stages of germination by assuming that the catalase 
reserve was used up, in attacking the respiratory products, faster than it 
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Fig. 8. The effect of a limited supply of oxygen on the oxidase content of imbibed 
seeds of variety Dark Red; solid line represents seeds immersed under 5 mm. of water, 
line of short dashes 100 mm., and line of long and short dashes 155 mm, The pressures 


are negative. 
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was produced. The increased stimulation of the accumulated respiratory by- 
products would, in a very short time, result in an increased production of 
catalase. The time required by the Hibiscus seeds to reach this low point 
of catalase activity depends on the speed of germination which in turn is 
dependent upon the external and internal conditions of the seeds. 

The effect of the external conditions on the speed and the amount of 
catalase activity in the Hibiscus seeds is shown in the temperature studies 
in table I and figures 1 and 2. The seeds subjected to 8° C. required a 
longer period for the decrease in the catalase activity to oceur than did 
those at 20° and 27° C. At the end of the seven-day period at this low 
temperature there was no evidence of the radicles pushing through the 
seed coats. The rate of increase of the catalase after the lowest point is 
reached is very slow in contrast to that in the actively germinating seeds. 
The lowest point of the catalase activity in the seeds placed at 20° and 27° 
C. is reached on the second or third day; there is then a sharp increase, 
reaching the peak during the 5th to 7th day. There is a slight difference 
in the catalase activity of the two species at 37°C. Variety Dark Red 
shows a decrease on the second day, with a very slight increase from the 
2nd through the 5th, then a gradual decline. A few of these seeds were 
able to push the radicle through the seed coat at this temperature. The 
catalase activity of the seeds of Golden Bowl either reached the early de- 
crease before the end of 24 hours or the seeds were unable to germinate at 
this temperature. At 47° C. in both varieties of seeds there is an abrupt 
drop in the catalase content beginning with the first day, while at 42° C. the 
trend is downward but at a slower rate. 

The decrease and the lack of increase at the higher temperatures may 
be attributable to a combined set of factors. At 42° and 47° C. there is no 
evidence of germination, and since there seems to be some correlation be- 
tween the germination and rate of catalase activity, this may be responsible 
for the absence of an increase in catalase activity. On the other hand, 
catalase shows its similarity to other enzymes in its reaction to several 
external conditions. There is no one temperature at which inactivation of 
all enzymes takes place, vet the temperature, time of exposure to heat, and 
the presence of other substances seem to play an important part in the rate 
of inactivation (12, 21). Morevuis and Beper (21) state that catalase is 
slowly inactivated at temperatures below 50° C.; inactivation becomes very 
rapid as the temperature is raised to 55° C. or above, especially at a pH of 
less than 6. Considering enzymes in general, FALK (12) finds that they 
show their greatest catalytic activity at temperatures near 40° C. At 
higher temperatures he thinks it is probable that inactivation of the 
enzymes takes place with sufficient rapidity to cause an apparent decrease 


in catalytic action. Investigators using the catalase extract have been able 
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to subject it to a higher temperature for a short period of time without 
completely destroying the catalytic activity. This shows the importance 
of the length of time the enzyme is exposed to a given temperature. An 
increase in the catalytic activity of a yeast suspension was obtained by 
Ever and Burx (10) by heating for one hour at a temperature of 55°—60° 
C. They attributed this increased activity to the destruction of an inhibi- 
tory substance. Crocker and Harrineron (6) heated air dry seeds of 
Amaranthus retroflerus for 4 hours at a temperature of 81° C. with a loss 
of only 40 per cent. of its original catalase activity, while the vitality of the 
seed was reduced 75 per cent. They found the reverse to be true for the 
seeds of Johnson grass. Thus the temperature which will inactivate cata- 
lase is determined by the source of the catalase and the conditions under 
which it is exposed. 

The Hibiscus seed subjected to a steady flow of oxygen germinated 
rapidly at 25°-27° C. and the catalase activity, after decreasing for a 
short period, increased rapidly as is shown in table II and figure 3. Sub- 
merged seeds with a limited supply of oxygen showed similar reaction but 
there is a decrease in the amount of catalase activity (table IV, fig. 4). 
This decrease is greater in the seeds submerged at depths of 100 and 155 
mm. than at5 mm. When the oxygen is completely eliminated by passing 
a steady stream of nitrogen (table III, fig. 5) over the imbibed seeds there 
is a decrease in the catalase activity of the seeds of Dark Red; in Golden 
Bowl there is first a decrease, then a slight increase, and finally a second 
decrease which is typical of germinating seeds. A few of the Golden Bow! 
embryos were able to push the radicle through the seed coat; none of the 
Dark Red embryos was able to do so. Marks and Fox (19) found that 
catalase extract obtained from muscle, stored under nitrogen, was inacti- 
vated at a slower rate than when kept under oxygen or air. It is probable 
that the effect on the increase of catalase activity is indirect, sinee ger- 
mination proceeds rapidly when the seeds are exposed to air or excess oxy- 
gen and favorable temperature conditions, while the germination is de- 
pressed when the seeds are subjected to a very limited supply of oxygen 
or none at all. The amount of decrease found over a period of 30 days 
may be caused by lack of oxygen. When seeds of variety Dark Red were 
kept under 155 mm. of water for 30 days, then removed and subjected to a 
steady stream of oxygen and favorable germinating conditions, 50 per cent. 
of the seeds germinated and the catalase activity of the germinating seeds 
inereased as shown in figure 6. The increase follows the same general 
course as for imbibed seeds. Mortnaca (22) found that in rice germinated 
aerobically there was an increase in catalase while in anaerobic germination 
there was a decrease in the amount of catalase and also in the length of the 


radicle. 
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Catalase activity in germinating seeds decreases when the food supply 
is exhausted according to the findings of Lantz (17) and De.eano (7). 
This is shown to be the case in the Hibiscus seeds. Crocker and Harrine- 
ron (6) found that the catalase activity of the embryo of Stoner wheat and 
Sudan grass was 28 to 29 times that of the endosperm. They explain this 
by claiming that the endosperm is composed mainly of dead cells with the 
exception of the aleurone layer. Hernicke (16) cites the work of AucHTER 
and others in which a correlation was found between the nitrogen content 
of the tissues and its ability to destroy H,O., while an increase in ecarbo- 
hydrate content without further addition of nitrogen depresses catalase. 
HeinicKe (15, 16) noted that the catalase activity in apple-leaf tissue was 
influenced by the factors which affected the nutritive or physiological con- 
ditions. He found that nitrogenous fertilizers increased the catalase activ- 
ity of leaves from trees growing in sod. Bark of the roots had a higher 
activity than did bark from the trunk and the bud tissues were the most 
active of any on the tree. Strains of corn high in oil content displayed the 
greatest catalase activity, and the high protein strains ranked second when 
compared with low fat and low protein strains, according to Lantz (17). 
BiterzKy (4) contends that more attention should be given to the factors 
concerned in the production of the plant and their relation to the catalase 
eontent. His findings correspond with others who state that nitrogen 
fertilizer tends to increase the catalase content. Since catalase apparently 
increases through the stages in germination when the stored food material 
is being converted into soluble form, with a subsequent decrease when this 
material is exhausted, the formation of the catalase may be brought about 
by the breaking up of the stored food. Doy.e (9) states that there is a 
temptation to look upon catalase as a labile metabolic by-product rather 
than as an enzyme with a fundamental physiological function. 

The oxidases in general were found to react to the various environ- 
mental conditions in much the same way as did the catalase. The amount 
of oxidase present in the seeds before treatment was negligible, conse- 
quently it was necessary to increase the number of seeds used for the deter- 
minations. In a seed with such an impervious seed coat oxidation is doubt- 
less reduced to a minimum; thus the imbibed seeds have a greater oxidase 
content than do the dry seeds. The oxidase increased in the seeds which 
were able to germinate. Crocker and Harrineton (6) found a greater 
oxidase activity in coleoptiles and roots than in the whole seeds of Johnson 
grass, but believed the ratio was no greater than would be expected from 
the comparison of embryo ends with caryopses. 


Oxidase was similar to catalase in its response to low and high tempera- 
tures. The oxidases were inactivated at 47° C. by the end of a 24hour 
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period. At 8° C. there was no great increase in the amount of oxidase 
over a period of 7 days. 

The seeds subjected to an abundant supply of oxygen showed consider- 
able fluctuation in the oxidase activity during the first few days but reached 
a very high peak on the 5th day for variety Dark Red and on the 6th day 
for Golden Bowl. The irregularities found during the first part of the 
period would undoubtedly be smoothed out with a greater number of deter- 
minations. In general, the oxidase increased during the period of ger- 
mination. When the oxygen supply is limited, or lacking completely, there 
is a remarkable amount of fluctuation in the oxidase content. The results 
(table VIII) indicate a greater difference in the oxidase content in seeds 
of variety Dark Red than in those of Golden Bow! when the supply of 
oxygen is limited. At the shallower submerged depth, seeds of variety 
Dark Red showed a much higher oxidase content than when kept at greater 
depths, and at all depths oxidase decreased considerably after the 11th or 
12th day. When the supply of oxygen was replaced by nitrogen the 
Golden Bowl seeds showed a greater power of germination and greater oxi- 
dase activity than did the seeds of variety Dark Red. 


Summary 


1. The effect of temperature, an excessive supply of oxygen, a limited 
supply of oxygen, and the absence of oxygen on the catalase and oxidase 
activity of imbibed seeds of two varieties of Hibiscus, or rose mallow, was 
studied. 

2. In all seeds capable of germination the catalase activity follows a very 
definite course. In the earliest stages of germination the catalase activity 
is depressed but soon increases rapidly as germination progresses. The 
oxidase content shows some fluctuation at first, then increases according to 
the rate of germination. 

3. Temperature plays an important role in the germination of the seeds 
and in the activity of the enzymes. At low temperatures (8° C.) germina- 
tion is slowed up as is catalase and oxidase activity. Medium temperatures 
(20°-27° C.) favor germination and likewise favor increased activity of oxi- 
dase and catalase. Temperatures above 40° C. inhibit germination of the 
seeds; correspondingly the enzymes not only fail to increase but decrease 
very rapidly. 

4. An excess or adequate supply of oxygen favors germination of the 
seeds and also favors an increase in the activity of oxidase and catalase. 
When the supply is limited or inadequate there is a tendency for germina- 
tion to be retarded or inhibited and this is accompanied by corresponding 
loss of activity of the enzymes. 
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5. There is a close relationship between the environmental factors and 
the activity of the oxidizing enzymes in rose mallow seeds. 
. 
The writer wishes to express her gratitude for the helpful suggestions 
given by Professors C. A. SuHuui and 8. V. Eaton during the course of this 
investigation. 
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STUDIES ON THE PROTOPLASMIC NATURE OF STIMULATION 
AND ANESTHESIA. IT 


HENRY T. NORTHEN 


(WITH FIVE FIGURES) 


Introduction 


In a recent paper the writer (12) has discussed the protoplasmic nature 
of stimulation and anesthesia. It was believed that normal protoplasm has 
a grid structure which results from combinations of proteins with lipoids 
and other cell constituents. In unstimulated protoplasm the proteins are 
presumably in the form of long chains. Upon stimulation some of the pro- 
teins are separated from the grid and change from a chain into a globular 
form. The separation of the proteins from the grid and their change in 
shape results in a decrease in the structural viscosity of the protoplasm. 
All of the stimulating agents which we have studied cause a decrease in the 
structural viscosity of protoplasm (12). Since the cited paper was pre- 
pared the effects of other stimulating agents upon protoplasm in cells of 
Spirogyra have been studied and the data presented will demonstrate that 
electricity, disease, carbon dioxide, cold, and mechanical impacts cause a 
decrease in the structural viscosity of protoplasm. 

If it be true that the primary effect of stimulating agents is a decrease 
in the structural viscosity of protoplasm which results from a partial break- 
down of the protoplasmic network, then other effects of stimulating agents 
should result from the breakdown of the normal structure. Hence an at- 
tempt will be made to explain some of the secondary effects of stimulation 
on a protoplasmic basis. 

In ‘‘dormant’’ cells stimulants often initiate growth. Hermprunn (4) 
states that some stimulating agents will initiate cell division in unfertilized 
animal eggs and many stimulating agents break rest periods in plants (8). 
How may the change in protoplasmic structure initiate growth? Toa large 
extent the activities of a cell are determined by the protoplasmic pattern. 
In a dormant cell all requirements for growth may be present but the proto- 
plasmic pattern is not favorable for growth. A stimulating agent breaks 
down the ‘‘dormant’’ protoplasmic pattern. The opportunity then exists 
for the network constituents to form a new pattern—one which may favor 
growth. It should also be mentioned that during mitosis and meiosis some 
of the cytoplasm becomes oriented and distributed. In animal cells amphi- 
asters develop; in plant cells phragmoplasts. They develop in part from 

1 Contributions from the Department of Botany and the Rocky Mountain Herbarium 
of the University of Wyoming, no. 178. 
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the cytoplasm. The development of such structures necessitates the alter- 
ation of the protoplasmic pattern of resting cells so that the network con- 
stituents may become oriented to form the mentioned structures. Before 
rearrangement the original structure must be broken down by an external 
or internal stimulus; if other factors are present in the cell a pattern differ- 
ing from the original will then be reconstructed and this new pattern may 
function differently. The breaking down and _ reconstruction involve 
changes in the consistency of protoplasm. Changes in the viscosity of 
protoplasm during mitosis and meiosis have been observed by HEmpruNnNn 
(3), Kostorr (5), and others. 

Most stimulating agents initially increase the rate of respiration (6). 
In unstimulated cells some of the substrate and respiratory enzymes are 
possibly ‘‘tied up’’ to the protoplasmic network. Upon stimulation, when 
the network is broken down, the enzymes and substrate may be released and 
accordingly the rate may be increased. It is believed that the increased 
respiratory rate furnishes the energy for recovery (usually changing the 
structure back to normal), an example of the auto-regulatory nature of pro- 
toplasm. 

Stimulating agents generally increase the permeability rate (4). 
NortHEeNn (11) deduced that the selectively permeable membranes have a 
structure comparable to that of the main mass of the cytoplasm but perhaps 
more compact. It may be stated tentatively that upon stimulation the 
structure is loosened, pores are increased in size, and concomitantly the rate 
with which certain substances may enter or leave is increased. 

Response to stimulation is generally followed by conduction (4). A 
point stimulation will alter the structure locally; the local alteration will 
affect adjacent parts and hence will alter them. The newly altered struc- 
ture will, in turn, affect the contiguous structure and in such manner the 
impulse may be conducted. This is in accordance with the data of NorTHEN 
and NorTHEN (10) who have found that the conduction of impulses through 
cells decreases the elasticity (structural viscosity) of the protoplasm. 


Experimental results 
EFFECTS OF ELECTRICITY ON THE STRUCTURAL VISCOSITY 

NorTHEN and MacVicar (13) have reported that direct currents initially 
decrease the elasticity (structural viscosity) of protoplasm in cells of the 
alga, Spirogyra. At that time, however, several important effects were 
overlooked because the electrodes were placed too close together and because 
the filaments were not carefully oriented on the microscope slides. In this 
part, the effects of a direct current on the structural viscosity of protoplasm 
in cells near the anode and near the cathode and the effects on cells distant 
from the electrodes will be deseribed. 
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In this experiment a species of Spirogyra which had one chloroplast in 
each cell was used. Platinum electrodes with a diameter of 1.0 mm. were 
connected through an ammeter and rheostat to a source of current and were 
then placed 1.4 em. apart on a strip of wet cotton which was partially im- 
mersed in water in a Petri dish. Portions of Spirogyra filaments which were 
3.0 em. long were then placed over the electrodes. In each experiment about 
100 filaments were used. After a current of 2 ma. had flowed for the desired 
time (2, 4, 6, 8, 10, or 12 minutes) the filaments were centrifuged. To test 
whether the current had decreased the structural viscosity of the protoplasm 
the filaments were centrifuged with an acceleration of 382.5 x gravity for 90 
seconds, a centrifugation which would not displace the chloroplasts in cells 
of control filaments. To test whether the structural viscosity had been in- 
creased a separate group of filaments was centrifuged for 40 seconds with 
an acceleration of 680 gravity, an acceleration which would displace the 
chloroplasts in cells of control filaments. Following centrifugation the 
regions of the filaments where the chloroplasts were displaced and where 
they were not displaced were noted. The data are summarized in 
figure 1. The diagrams represent filaments which were exposed to the 
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Fig. 1. Effects of a direct current on the structural viscosity of protoplasm. 


current for 2 minutes (A), 4 minutes (B), 6 minutes (C), 8 minutes (D), 
10 minutes (E), and 12 minutes (F). The white regions are regions where 
the structural viscosity of the protoplasm remained normal, the black re- 
gions are where the structural viscosity was decreased, and the lined regions 
are those in which the structural viscosity was increased. The structural 
viscosity was considered decreased if an acceleration of 382.5 x gravity dis- 
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placed the chloroplasts in cells which were exposed to the current. It will 
be recalled that such an acceleration would not displace the chloroplasts 
in control cells. In such cells the chloroplasts were not displaced by an 
acceleration of 382.5 x gravity because protoplasm has a yield value and the 
force produced by that acceleration was equal to or less than the yield value. 
Protoplasm is thus an elastic fluid, a fluid which possesses structural vis- 
cosity. NorTHEN (9) has demonstrated that the velocity of chloroplastic 
movement in cells of Spirogyra can be calculated approximately from the 
equation, V=k(c—c,). In the equation, V is the velocity of chloroplastic 
movement, k is a constant, c is the centrifugal acceleration used, and c¢, is 
the initial starting acceleration (the yield acceleration). Hence for control 
filaments when an acceleration of 382.5 gravity was used V =k(382.5—- 
382.5) =0 or V = k(382.5— > 382.5) = < 0. 

In filaments which were exposed to the current the chloroplasts were 
moved in some regions by an acceleration of 382.5 x gravity since the current 
had loosened the protoplasmic network and concomitantly decreased the 
value of c,. Hence in such regions V =k(382.5— < 382.5)=>0. A de- 
crease in the value of c, has been interpreted as a decrease in the structural 
viscosity of the protoplasm. 

On the other hand, in regions (those lined) exposed to the current and 
where the chloroplasts could not be moved by an acceleration of 680 x grav- 
ity, the value of c, had been increased to at least 680 gravity. (In control 
filaments the value of c, was less than 680 x gravity but equal to or greater 
than 382.5 x gravity). An increase in the value of c, indicates that the 
structural viscosity of the protoplasm has been increased. 

It will be noted, figure 1A, that after two minutes exposure to the current 
the structural viscosity has been decreased only in the vicinity of the elec- 
trodes. Likewise when isolated muscle fibers are stimulated electrically the 
response may be localized at the electrodes (1). 

With exposures of eight or more minutes the structural viscosity is 
decreased on the cathodal side except in the immediate vicinity of the cathode 
but increased on the anodal side. It is likely that the protoplasm with 
inereased structural viscosity (which probably indicates that the proto- 
plasmie network has been tightened) is not as sensitive to stimulants as is 
normal protoplasm and hence may be considered anesthetized. This obser- 
vation is in accord with the statement by Hemsrunn (4) that the passage of 
an electric current may produce a relative insensitivity at the anode. 


EFFECT OF DISEASE ON THE STRUCTURAL VISCOSITY 


The data presented suggest that the structural viscosity of protoplasm in 
cells infected with a Chytrid is less than the structural viscosity of proto- 
plasm in normal cells of Spirogyra. 
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Two species of Spirogyra were found which were infected by Chytrids. 
The filaments were centrifuged with an acceleration of 382.5 x gravity for 
one minute, a centrifugation which would not displace the chloroplasts in 
normal eells. Following centrifugation observations were made to deter- 
mine whether or not such an acceleration would displace the chloroplasts in 
infected cells. 

The data are summarized in figure 2._ Numbers 1 and 2 represent uncen- 
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Fig. 2. Effects of disease on the structural viscosity of protoplasm. 


trifuged infected cells of Spirogyra 1. Numbers 3 and 4 represent cells 
from centrifuged filaments. It will be noted nos. 3 and 4 (cells A) that the 
chloroplasts are displaced in the infected cells and are not displaced in the 
uninfected cells (cells B). The chloroplasts were probably displaced in the 
infected cells because the infection caused a decrease in the structural vis- 
cosity of the protoplasm. Number 5 represents uncentrifuged cells of 
Spirogyra 2. In cell A of number 5 the protoplasm has disintegrated and 
in such cells centrifugation caused no displacement of the cell contents. 
Number 6 represents centrifuged cells of Spirogyra 2. In the uninfected 
cell (A) the chloroplast has not been displaced. The chloroplast, however, 
has been displaced in the infected cell (B), and this indicates that the 
structural viscosity has been decreased. In cell C infection is just starting 
and as yet the structural viscosity has not been affected. 


EFFECT OF CARBON DIOXIDE ON STRUCTURAL VISCOSITY 
Carbon dioxide often acts as a stimulating agent. THorNTON (15) re- 
ports that carbon dioxide is effective in breaking the dormancy of potato 
tubers. Linum (7) states that the respiratory center of vertebrates increases 
its rhythm as carbon dioxide accumulates in the blood. Carbon dioxide 
may also stimulate the growth of bacteria (16). The data to be presented 
will demonstrate that the carbonate ion causes a decrease in the structural 


viscosity of protoplasm in cells of Spirogyra. The decrease in structural 
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viscosity may result from the separation of network constituents and the 
subsequent change in shape of protein molecules. 

One group of Spirogyra filaments was placed in tap water, another in 
tap water which was maintained charged with carbon dioxide, another in 
tap water maintained at a pH of 5.6 (the pH of the charged water) through 
the addition of hydrochloric acid, and still another group were placed in tap 
water maintained at pH 5.6 through the addition of acetic acid. After the 
filaments had been in the solutions the desired time they were centrifuged 
(for immersion times and centrifugations consult table I). Following cen- 
trifugation the percentages of filaments in the cells of which the chloroplasts 
had been displaced were determined. 

The data are summarized in table I and part of the data are expressed 
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Fig. 3. Effects of tap water charged with carbon dioxide on the structural viscosity 
of protoplasm. The higher the point on the curve the lower the structural viscosity of the 
protoplasm. 


graphically in figure 3. It will be noted that in those filaments which were 
exposed to carbon dioxide for 90 minutes or less the chloroplasts were dis- 
placed in most cases by an acceleration of 170 x gravity whereas in the con- 
trol filaments even an acceleration of 680 x gravity was not sufficient to dis- 
place the chloroplasts in most of the cells. With exposures to carbon 
dioxide of 180 and 360 minutes the chloroplasts were displaced in cells of 
most filaments by an acceleration of 382.5 x gravity. Hence the data indi- 
eate that the carbonate ions decidedly decrease the structural viscosity of the 
protoplasm. The carbonate ions rather than the H ions cause the decrease 
since acidification of the tap water with hydrochloric or acetic acid did not 
decidedly affect the structural viscosity. The above experiment was re- 

















he 


in 
rh 
ip 





NORTHEN : NATURE OF STIMULATION AND ANAESTHESIA 651 





TABLE I 
EFFECTS OF CARBON DIOXIDE ON THE STRUCTURAL VISCOSITY OF PROTOPLASM 
een TESS a — —— ——— <n woeerernene 
} FILAMENTS IN THE CELLS OF WHICH THE CHLORO- 
a PLASTS WERE DISPLACED WHEN IMMERSED IN 
; ‘ENTRIFUGATION Me ce, 
tl a TAP WATER TAP WATER | TAP WATER 
Ss rh é é vais | 4 é 
Manse TAP WATER i ‘ AND ACETIC Meat 
AND HC. AND CO, 
ACID 7 
min, % % Te % 
10 170 xg. for 2 min. 0 4 4 94 
20 66 0 0 1 70 
40 6 0 0 2 97 
60 66 0 0 6 66 
90 ¢¢ 0 0 17 90 
180 *¢ 0 0 0 25 
180 382.5 x g. for 2 min. 4 3 32 84 
360 oe l 2 24 92 
360 680 xg. for 2 min. 6 


peated with a different species of Spirogyra with essentially the same results. 

In table II data are recorded which indicate that in most filaments recov- 
ery from the effects of carbon dioxide occurs in less than five minutes. In 
this experiment filaments were immersed in water charged with carbon 
dioxide for five minutes and were then transferred to ordinary tap water. 
After they had been in the tap water for various periods of time the filaments 
were centrifuged with an acceleration of 170 gravity for two minutes. 
Such a centrifugation did not displace the chloroplasts in cells of control 
filaments. 

TABLE II 


TIME REQUIRED FOR THE PROTOPLASM TO RECOVER FROM CARBON DIOXIDE 


TIME IN NON-CHARGED FILAMENTS IN THE CELLS OF WHICH THE CHLORO- 
WATER PLASTS WERE DISPLACED 

min. q 

] 95 

5 17 

10 16 

15 l 

20 3 

30 ] 


EFFECTS OF COLD ON STRUCTURAL VISCOSITY 
If organisms are maintained at’ low temperatures they may become 
anesthetized (14). Evs (2) further reports that two types of blocks occur 
when nerves are locally cooled. In some nerves a block does not oceur until 
after ice has formed (freezing type), whereas in others a block occurs with- 


out ice formation. In the latter (non-freezing type) the nerves recover 
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when the temperature is raised. The cold anesthesia and the non-freezing 
type of block may be explained on the basis of an increase in the structural 
viscosity of the protoplasm. Norruen (11) has found that the structural 
viscosity of the protoplasm in cells of Spirogyra increases when filaments 
are maintained at 1.0° C. which indicates that the protoplasmic network 
is tightened and accordingly may not break down as readily as the norma! 
network upon stimulation. In other words, the tightened network may be 
anesthetized. The freezing type of block, one which does not regain con- 
duction when transferred to room temperatures, may be the result of a 
localized coagulation of the protoplasm. The data presented indicate that 
temperatures below freezing cause coagulation of protoplasm in Spirogyra. 

Not only may low temperature act as an anesthetic but it may also act 
as a stimulating agent. For example, Maximov (8) states that freezing 
may be effective in breaking rest periods in plants. Hetmsrunn (4) states 
that cold may often act as a stimulating agent. Stimulating agents pri- 
marily decrease the structural viscosity of protoplasm and anesthetics either 
increase the structural viscosity or change the pattern from a sensitive to a 
relatively insensitive one (12). How then may low temperatures act both 
as anesthetizing and stimulating agents? When an organism is maintained 
at a low temperature it may become anesthetized but when it is transferred 
from a low to a higher temperature the stimulating effect may become 
apparent. In other words, the stimulation may not occur at the low tem- 
perature but only after the organism is transferred to a higher temperature. 
The data to be presented will demonstrate that the structural viscosity of 
protoplasm in filaments of Spirogyra which were subjected to low tempera- 
tures and then transferred to room temperature is less than the structural 
viscosity of protoplasm in filaments which were not subjected to low tem- 
peratures but which were only maintained at room temperatures. Hence 
cold may be classified as a stimulating agent because it may indirectly cause 
a decrease in the structural viscosity of protoplasm. 

Petri dishes were filled to a depth of about 2 mm. with water at a tem- 
perature of 15° C. Filaments of Spirogyra were then placed in the dishes. 
They were next placed in a refrigerator which was maintained at approxi- 
mately —3.0° C. After the dishes had been in the refrigerator the 
desired time they were removed. The filaments were then transferred to 
water which had a temperature of 20.0° C. The filaments were allowed to 
remain in this water for various periods of time and they were then centri- 
fuged. Following centrifugation the percentages of filaments in the cells 
of which the chloroplasts had been displaced (moved to centrifugal end) 
were determined for experimental and control groups. 

The data are summarized in table III and expressed graphically in 


figure 4. 
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Fig. 4. Effects of previous exposure to cold on the structural viscosity of protoplasm. 
The filaments were allowed to remain at —3.0° C. for 10 minutes (unbroken line) and 20 
minutes (broken line). They were then transferred to water at 20° C. where they were 
allowed to remain for the indicated times and finally the filaments were centrifuged. The 
higher the points on the curves the lower the structural viscosity. 


It will be noted that following exposures to cold there is a latent period, 
a period during which the protoplasm of those exposed to cold is apparently 


like that of those which were not exposed to cold. For those filaments which 
remained in the refrigerator 20 minutes the latent period was less than 10 


TABLE III 


EFFECT OF LOW TEMPERATURES ON THE STRUCTURAL VISCOSITY OF PROTOPLASM 


PERIOD BE- FILAMENTS 
TIME FILA- TWEEN RE- IN WHICH 
MENTS WERE REMARKS CENTRIFUGATION MOVAL CHLORO- 
IN REFRIG- FROM COLD PLASTS 
ERATOR AND CENTRI- WERE 
FUGATION DISPLACED 
min. min % 
0.0 Control 680 x g. for 0.5 min. 2 
0.0 ‘c 1062 x g. for 0.5 min. 18 
10.0 Ice just forming over 
surface of water 680 x g. for 0.5 min. 5.0 3 
°s é “s 10.0 9 
diy - si 20.0 13 
“6 se sé 30.0 71 
sein os be 40.0 56 
ne 6 “s 60.0 84 
20.0 Much of water frozen 
but not directly 1062 x g. for 0.5 min. 5.0 11 
around filaments 
66 66 10.0 96 
‘6 6é sé 20.0 95 
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minutes. It will be noted that 10 minutes after the filaments were removed 
from the cold water the chloroplasts were displaced in the cells of 96 per cent. 
of the filaments whereas in control filaments a like centrifugation displaced 
the chloroplasts in only 18 per cent. of the filaments. Hence it is concluded 
that previous exposure to cold may result in a decrease in the structural 
viscosity of protoplasm and accordingly cold may be considered a stimulat- 
ing agent. 

During the course of the main experiment several other experiments were 
performed and these will be discussed. For these experiments a different 
species of Spirogyra was used. In this species an acceleration of 382.5 
x gravity displaced the chloroplasts in the cells of most untreated filaments. 
One group of filaments was allowed to remain in 0.2 molal sucrose for six 
hours. They were then transferred to water and placed in a refrigerator 
maintained at —3.0° C. Another group of filaments, which had not pre- 
viously been in sucrose, were likewise placed in the refrigerator. After one 
hour all of the water in the Petri dishes was frozen. The dishes were then 
removed and the ice was allowed to thaw. The filaments were then trans- 
ferred to water at 20° C. and remained at that temperature for 3 hour, 1 
hour, 2 hours, and 4 hours, respectively. Finally the filaments were cen- 
trifuged with an acceleration of 382.5 gravity. The acceleration would 
not displace the chloroplasts in those cells which had previously been in 
sucrose nor in those cells which had not previously been in sucrose. In both 
instances the protoplasts had shrunken from the cell walls (figures 5A and 
5B). The observations indicate that the freezing had coagulated the proto- 
plasm and that previous immersion in sucrose did not retard the coagulation. 

It is likely, however, that the coagulation was not the result of the with- 
drawal of water and the concomitant increase in the concentration of elec- 
trolytes since withdrawal of water by hypertonic sucrose solutions does not 
cause coagulation (12). At the time the freezing experiments were per- 
formed filaments of Spirogyra were plasmolyzed in 0.8 molal sucrose. After 
the filaments had been in the solution for the desired time they were centri- 
fuged with an acceleration of 382.5 x gravity. After the filaments had been 
in the sucrose solution for } hour, 1 hour, 2 hours, or 4 hours the protoplasm 
was not coagulated as evidenced by the fact that the centrifugation displaced 
the chloroplasts in most cells. Cells which were allowed to remain in the 
sucrose solution for 2 hours are diagrammed in figures 5C and 5D. It will 
be noted that the chloroplasts have been moved by the centrifugal accelera- 
tion. 


EFFECTS OF MECHANICAL IMPACTS ON THE STRUCTURAL 
VISCOSITY OF PROTOPLASM 


The data presented will show that mechanical impacts decrease the strue- 
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tural viscosity of protoplasm in cells of Spirogyra, that recovery usually 
oceurs in less than 10 minutes, and that stimuli are additive. 

Filaments of Spirogyra were placed in water on a slide and were covered 
with a cover glass. <A glass cylinder which surrounded a steel upright was 
then allowed to fall on the filaments. Following the impulse the filaments 
were centrifuged and the percentages of filaments in the cells of which the 
chloroplasts were displaced were determined. 

The effects of a 3.20 gram weight dropping distances of 10, 15, 20, 25, 
and 30 em. on the structural viscosity of protoplasm are recorded in table IV. 
In all instances the filaments were centrifuged with an acceleration of 


945 x gravity for 2 minutes. 


TABLE IV 


EFFECTS OF MECHANICAL IMPACTS ON THE STRUCTURAL VISCOSITY OF PROTOPLASM 





FILAMENTS IN THE CELLS OF WHICH THE 


IMPULSE CHLOROPLASTS WERE DISPLACED 
cgs. % 
000.0 l 
448.0 8 
548.5 35 
633.6 32 
708.4 5] 
775.3 72 


























C 


Fig. 5. A and B represent centrifuged cells which remained in 0.2 molal sucrose for 





six hours before being placed in a refrigerator at —3.0° C. It will be noted that the 
chloroplasts have not been moved by the centrifugal acceleration. C and D represent cells 
which remained in 0.8 molal sucrose for two hours prior to centrifugation. It will be noted 


that the centrifugation has displaced the chloroplasts in the protoplasts. 


It will be noted that in filaments which were subjected to mechanical 
impacts the chloroplasts were displaced in greater percentages of filaments 
than in the controls. This indicates that mechanical impacts decrease the 
structural viscosity of protoplasm probably through loosening the proto- 
plasmie network. 

TIME FOR RECOVERY FROM IMPACTS.—Filaments of Spirogyra were sub- 
jected to an impulse of 775.3 cgs. After the impulse the filaments were 
allowed to remain in water for various periods of time before centrifugation. 
The results are recorded in table V. 

At the time experiment no. 1 was performed more than eight minutes 


were required for complete recovery whereas at the time no. 2 was performed 


656 PLANT PHYSIOLOGY 


TABLE V 


TIME FOR RECOVERY FROM MECHANICAL IMPACTS 














| FILAMENTS IN CELLS OF WHICH 





ExPERI- INTERVAL BETWEEN | THE CHLOROPLASTS WERE 
z 
MENT CENTRIFUGATION IMPACT AND DISPLACED IN 
SUMEES | CENTRIFUGATION EXPERIMENTAL | CONTROL 
GROUPS GROUPS 
| sec. % yf 
| 
] 245 x g. for 2 min. 15 90 
-F 120 75 42 
nips 240 75 
6 480 54 
2 170 x g. for 2 min. 15 40 
oe 120 4 


recovery occurred in about two minutes as evidenced by the fact that in the 
controls the chloroplasts were displaced in 3 per cent. of the filaments and 
in the experimental filaments in 4 per cent. The difference is not considered 
significant. 

SUMMATION OF MECHANICAL STIMULI.—F ilaments of Spirogyra were given 
one mechanical impact and then after various periods of time had elapsed 
they were given a second impact. To obtain intervals of less than one-half 
second two weights were dropped simultaneously from different heights. 
Following the second impact the filaments were centrifuged for two minutes 
with an acceleration of 170 x gravity. 

The data are summarized in table VI. 

The data in table VI indicate that mechanical impacts are additive. In 
experiment 1 the chloroplasts were displaced in 19 per cent. of the filaments 
which were subjected to a single impulse of 775.3 egs. and in 17 per cent. 
of the filaments which were subjected to an impulse of 678.4 egs. However, 
if an impulse of 775.3 egs. were followed a second later by an impulse of 
678.4 egs. the chloroplasts were displaced by the centrifugation in 80 per 
cent. of the filaments. Likewise in experiments 2 and 3 it will be observed 
that impulses are additive. In experiments 2 and 3 a single impulse of 
1455 egs. did not have as great an effect as two separate impulses. For 
example, in experiment 2 centrifugation displaced the chloroplasts in 48 
per cent. of the filaments which were given one impulse of 1455 egs. but 
displaced the chloroplasts in 71 per cent. of the filaments which were given 
an impulse of 775.3 cgs. and then 30 seconds later a second impulse of 678.4 
egs. (total = 1437 egs.). Apparently following the first impact the proto- 
plasmic network is more sensitive to stimulation than it was originally. In 
experiment 1 the protoplasm was decidedly hypersensitive 0.045 second 
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EXPERI- IMPULSE 
MENT OF FIRST 
NUMBER IMPACT 

cgs. 

1 0.0 

775.3 

678.4 

775.3 

708.4 


633.6 


i ro 
775.3 
775.3 
775.3 
775.3 

2 0.0 
775.3 

678.4 

1455.0 

775.3 

708.4 

633. 


aj a3 «3 93 «3 & 
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TABLE VI 


ADDITION OF MECHANICAL STIMULI 


IMPULSE 
OF SECOND 
IMPACT 


cgs. 
0.0 
0.0 
0.0 
701.2 
678.4 
678.4 
678.4 
678.4 
678.4 
678.4 
678.4 


0.0 
0.0 
0.0 
0.0 
701.2 
678.4 
678.4 
678.4 
678.4 
678.4 
678.4 
678.4 
678.4 


0.0 

0.0 

0.0 
678.4 
678.4 
678.4 
678.4 
678.4 
678.4 
678.4 
678.4 
678.4 
678.4 
678.4 
678.4 


TIME FILAMENTS IN CELLS OF 
BETWEEN WHICH THE CHLOROPLASTS 
IMPULSES WERE DISPLACED 
SEC % 
1 (water control) 
19 
17 

0.008 42 

0.022 43 

0.045 71 

1.0 80 

15.0 59 

120.0 64 

240.0 30 

480.0 8 

3 (water control) 
41 
40 
48 
0.008 33 
0.022 3 
0.045 42 
1.0 40 
15.0 64 
30.0 71 
60.0 64 
120.0 42 
240.0 11 
0 (water control) 
4 
46 
0.5 8] 
1.0 66 
20 90 
$.0 12 
8.0 40 
16.0 15 
32.0 24 
60.0 32 

120.0 18 

240.0 16 

480.0 g 

960.0 7 


after the first impulse, in the second 15 seconds 
in the third 0.5 second after the first impulse. 
Following the period of hyper-sensitivity there may or may not be a 


period of hypo-sensitivity. 


after the first impulse, and 


The data for experiments 1 and 2 suggest that 


480.0 and 240.0 seconds, respectively, after the first impulse the protoplasm 


is less sensitive than it was originally. 


However, in experiment three the 


protoplasm was more sensitive to stimulation 240 and 480 seconds after the 
first impact than it was originally. 
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SUMMATION OF ETHER STIMULATION AND MECHANICAL IMPACTS.—In this 
experiment filaments of Spirogyra were immersed in 0.3 per cent. ether, 
which is far less than the anesthetic concentration, for various periods of 
time. Some of the filaments were then subjected to an impulse of 678.4 egs. 
Following the impulse the filaments were centrifuged. Filaments which 
had received only the ether treatment, filaments which had been given only 
an impulse, and normal filaments were likewise centrifuged. The results 
are tabulated in table VIT. 

TABLE VII 
SUMMATION OF ETHER STIMULATION AND MECHANICAL IMPACTS 


FILAMENTS IN THE CELLS OF WHICH THE CHLOROPLASTS 
WERE DISPLACED WHEN 


IMMERSION 


CENTRIFUGATION IMMERSED | IMMERSED IN 0.3 | 


IN ETHER IN 0.3 PER CENT. ETHER Water | IMPULSE 
PER CENT. AND THEN GIVEN ONLY ONLY 
ETHER IMPULSE 
min. % % % % 
170 x g. for 2 min. 6 6 52 
_ 10 s 95 2 17 
20 3 3 
40 3 6 
245 x g. for 2 min. 6 47 
‘4 10 10 23 62 
20 53 
40 28 64 


Initially 0.3 per cent. ether causes a slight decrease in the structural 
viscosity of protoplasm. This is clearly indicated in the filaments which 
were centrifuged with an acceleration of 245 gravity. Here it will be 
noted that the chloroplasts are displaced in greater percentages of filaments 
than in the water controls. With both accelerations mechanical impacts 
cause a decrease in the structural viscosity of the protoplasm as evidenced 
by higher percentages of displacements than in the water controls. The 
filaments which were centrifuged with an acceleration of 170 x gravity 
demonstrate that there is a summation of stimuli when the filaments were 
immersed for 6 or 10 minutes in the dilute ether. For example, the chloro- 
plasts were displaced in 8 per cent. of the filaments which were subjected 
to 0.3 per cent. ether for 10 minutes and were displaced in 17 per cent. of 
the filaments which were subjected to the impulse but were displaced in 95 
per cent. of the filaments which were immersed for 10 minutes in ether prior 
to the impulse. 

Summary 


A current of 2 ma. acting for 2 minutes caused a decrease in the struc- 


tural viscosity of Spirogyra protoplasm in the vicinity of the electrodes. 
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With durations up to six minutes the decrease in structural viscosity spread 
to other cells. After more than 6 minutes exposure to the current the strue- 
tural viscosity increased on the anodal side of the filaments and in a small 
region near the cathode and decreased in regions adjacent to the region of 
inereased structural viscosity near the cathode. In this and subsequent 
experiments the structural viscosity was considered decreased if an accelera- 
tion which would not displace the chloroplasts in cells of normal filaments 
displaced the chloroplasts in cells of experimental filaments. The structural 
viscosity was considered increased if a centrifugal acceleration which dis- 
placed the chloroplasts in cells of control filaments would not displace the 
chloroplasts in experimental cells. 

Disease, carbon dioxide, previous exposure to cold, and mechanical im- 
pacts caused a decrease in the structural viscosity of the protoplasm in cells 
of Spirogyra. In most filaments recovery from the effects of carbon dioxide 
and mechanical impacts occurred in less than 10 minutes. 

The effects of two successive mechanical stimuli were additive. Stimula- 
tion by dilute ether and mechanical impacts were also additive. 

THE UNIVERSITY OF WYOMING 

LARAMIE, WYOMING 
LITERATURE CITED 
1. Brown, D. E. 8. and Stcuen, F. J. M. The isometric contraction of 
isolated muscle fibers. Jour. Cell. and Comp. Physiol., 8: 315-328. 
1936. 
2. Ers,H.N. The effect of potassium on the cold blocking of spider crab 
nerve. Jour. Cell. and Comp. Physiol., 8: 101-108. 1936. 


3. Hemsprunn,L. V. The colloid chemistry of protoplasm. Berlin. 1928. 

4. —_—_—_————. An outline of general physiology. Philadelphia. 1937. 

5. Kostorr, D. Protoplasmie viscosity of dividing cells in floral buds of 
tobacco. Protoplasma 11: 177-183. 1930. 

6. Kostycuev,S. Plant respiration. Philadelphia. 1927. 

7. Linu, R.8. Protoplasmic action and nervous action. Chicago. 1932. 

8. Maximov, N. A. Plant physiology. New York. 1938. 

9. NorruHen, H. T. Studies of protoplasmic structure in Spirogyra. I. 
Elasticity. Protoplasma 31: 1-8. 1938. 

10. ————————- and NorTuEn, R. T. Studies of protoplasmic structure 


in Spirogyra. II. Alterations of protoplasmic elasticity. Proto- 
plasma 31: 9-19. 1938. 

11. —_——————.. Studies of protoplasmic structure in Spirogyra. IV. 
Effects of temperature on protoplasmic elasticity. Bot. Gaz. 100: 
619-626. 1939. 

12. . Studies on the protoplasmic nature of stimulation and 
anesthesia. Cytologia 10; 105-112. 1939. 














660 PLANT PHYSIOLOGY 





' 13. and MacVicar, R. Studies of protoplasmic structure in 

Spirogyra. VI. Effects of sound and electricity on protoplasmic 
elasticity. Cytologia 10: 18-22. 1939. 

14. Parker, G. H. General anesthesia by chilling. Science n. s. 90: 63. 
1939. 

15. THornton, N. C. Carbon dioxide storage. XIII. Relationship of 
oxygen to CO, in breaking dormancy of potato tubers. Contr. 
Boyce Thompson Inst. 10: 201-204. 1939. 

16. Vauiey, G. and Rerteer, L. F. The influence of carbon dioxide on 
bacteria. Jour. Bact. 14: 101-137. 1927. 














PHYSIOLOGICAL FACTORS OPERATIVE IN ICE-SHEET 
INJURY OF ALFALFA’ 


7. @e SPRECUS ARD ese FF. GRABER 


(WITH FIVE FIGURES) 


Introduction 


Ice-sheets that contact the surface parts of herbaceous plants for extended 
periods are among the most injurious of the climatic hazards of many over- 
wintering crops. Under field conditions they occur primarily in low spots 
which are not well drained. They may, however, cover large areas regard- 
less of topography because sleet storms prevail in latitudes between those 
regions which are snow-covered for the major portion of the winter and 
those which, for the most part, are bare. 

Knowledge of the nature of ice-sheet injury is limited, and the work 
reported here is quite preliminary. It is an attempt to ascertain under 
controlled conditions some of the basic physiological factors which cause this 
type of winter injury. It has been suggested that killing by ice-sheets is due 
to smothering. The exact meaning or interpretation which that word was 
intended to convey is not clear. BuGArEvsku and Zirnikova (1) have ob- 
served that winter wheat plants beneath an ice crust at —1° C. to —9° C. 
began to decrease in vigor after the twenty-third day and in fifty-four days 
all were dead. They suggest a lack of oxygen as a possible cause of death. 
On the other hand, smothering might be construed to mean the absence of a 
free diffusion of substances from the organism into the pore spaces of the 
soil and into the air or conversely, from the air to the organism. Whatever 
the interpretation of the term may be, efforts to break the ice cover and 
to eliminate its sealing effects by mechanical means such as disking and other 
types of scarification, have not proven effective in reducing or preventing ice- 
sheet injury under field conditions. In 1922, Graser searified alternate 
areas of an ice sheet on an alfalfa field in Wisconsin with a weighted disk. 
Although the searification occurred within four days after the formation of 
the ice-sheet the alfalfa was badly killed whether the ice was broken or 
allowed to remain intact. He further observed that during the first three 
months of 1937, a sheet of ice, frozen tightly to the soil surface, covered most 
of the southeastern quarter of Wisconsin. In desperation, many farmers 
scarified this ice cover with disks and other farm implements. In no case was 
such treatment reported as being helpful and the losses from winter-killing 
of alfalfa that year were in excess of 200,000 acres. Only where an interven- 

1 Contribution no. 151 from the Department of Agronomy, Wisconsin Agricultural 
Experiment Station, Madison, Wis. Published with the approval of the Director of the 
Wisconsin Agricultural Experiment Station. 
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ing layer of snow prevailed between the ice and the soil, did the alfalfa 
escape injury. 
Experiment I 
METHODS AND PROCEDURE 

Experiments were begun in the fall and early winter of 1934 to study 
some of the physiological factors causing ice-sheet injury of alfalfa (Medi- 
cago sativa). The winter-hardy Grimm alfalfa used in this experiment was 
sown on the University Farm at Madison, May 15, 1934. Although the 
plants grew vigorously, the top growth was not cut and the plants entered 
the dormant winter condition with a high storage of organie reserves. By 
December 22, 1934, the soil was frozen to a depth of two inches and the 
plants were well hardened. On this date, the plants were dug from the 
field and were hurriedly washed with cold water. 
2 or 3 inches above the crown, and the roots 
damp towels at — 8° to —10° C. until needed. 

On January 5, 1935, the dormant plants were taken from the cold room 
to the laboratory and arranged into samples of 10 roots each, selecting as 
nearly uniform plants as possible. 


The tops were removed 
(with crowns) were stored in 


These were trimmed to 10 em. from the 
cotyledonary node downward while the crown was trimmed to 2 em. from 
the cotyledonary node upward. Twenty-six samples of 10 plants each were 
placed in twenty-six large Pyrex test tubes. Twelve were stoppered with 
rubber stoppers and had air as the surrounding medium; twelve more were 
filled with nitrogen, by displacement of water, and stoppered; the remain- 
ing two tubes were provided with an inlet and outlet tube through which 
air was introduced continuously at a constant rate. 

On the above date, twelve additional samples of ten plants each were 
frozen in solid cakes of ice. This was effected by making heavy collodion 
bags in a 14” x 8” test tube and, while filled with warm water, varnishing 


PER CENT RECOVERY 
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Fig. 1. Percentages of survival after hardened Grimm alfalfa plants were stored in 
ice and stagnant gaseous media at —3.5° C. for 113 days. Survival values were ascer- 
tained by exposure of the plants to favorable conditions for growth in the greenhouse for 





3 weeks. Experiment I. Series of January 7 to May 3, 1935. 
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them with two coats of a high grade water-spar varnish which was imper- 
meable to the alcohol in the freezing bath. A sample of ten plants was 
placed in each of twelve such bags. The roots were evenly spaced within 
the bag, covered with tap water, and a cork securely fastened into the top. 
These samples and those in stoppered test tubes were then suspended in an 
aleohol-water bath at —3.5° C. They were maintained at this temperature 
until removed at intervals of several days, when they were thawed at 1° to 
2° C. After thawing they were transplanted into sand and placed in the 
greenhouse for three weeks when determinations of survival and measure- 
ments of top growth were made. These are presented in table I and figures 
1 and 2. 
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Fig. 2. Vigor of alfalfa plants expressed by the average length of stems and dry 
weight of top growth after 3 weeks of exposure to favorable growth conditions in the 
greenhouse. Such plants had been subjected to storage in test tubes of gaseous media 
for 113 days at -3.5° C. Experiment I. Series of January 7 to May 3, 1935. 


VIGOR AND SURVIVAL AS INFLUENCED BY STORAGE IN VARIOUS MEDIA 

With only 7 days of storage at —3.5° C., all the plants survived regard- 
less of the surrounding media. With greater duration of the treatments, 
the plants in ice were first to decline in vigor and percentage of survival, 
followed somewhat later by the samples stored in stagnant nitrogen, and, 
finally, by the samples stored in stagnant air. The plants maintained in 
ice for more than 7 days declined very rapidly and at the end of 41 days all 
were dead. The plants maintained in stagnant nitrogen for more than 27 
days were weakened and recovery was slow, but 90 per cent. were still alive 
at 91 days and 30 per cent. at 113 days. The plants kept in stoppered tubes 
of air had higher survival and stronger recovery than those maintained in 
nitrogen while those in flowing air (table I) survived 100 per cent. and 
showed only slightly reduced vigor even after 113 days of storage. The 
latter were much more vigorous than those stored in the stoppered tubes of 


air or nitrogen. These results are illustrated in figure 2. 
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TABLE I 


GROWTH RECOVERY OF HARDENED ALFALFA PLANTS AFTER HAVING BEEN STORED IN VARIOUS 
MEDIA FOR VARYING PERIODS AT —3.5° C. EXPERIMENT I. SERIES OF 
JANUARY 7, 1935, To May 3, 1935 


PERCENTAGE SURVIVAL WHEN STORED IN 


DAYS 
—— IcE | N, (STAGNANT) * AIR (STAGNANT)* | AIR (FLOWING) 
% % % % 
2 100 100 100 
7 100 100 100 
20 60 (weak) 100 100 
27 30 (weak) 100 100 
34 10 (weak) 80 (weak) 90 
41 0 100 (weak) 90 
48 0 90 (weak) 90 
55 0 60 (weak ) 70 
62 0 100 (weak) 90) 
91 0 90 (weak) 100 
113 0 30 (weak) 60 (weak 100 (strong) 


* Test tubes containing plants were stoppered. 


Experiment II 
METHODS AND PROCEDURE 

The plants used in this experiment were selected from a lot of very 
winter-hardy Turkestan alfalfa. The seed was sown on the University 
Farm, July 25, 1935, in a rich loam soil and with favorable weather the 
plants attained a good size by the time fall hardening began. On November 
30, 1935, several thousand plants were dug from the field. The plants with 
very small and extremely large roots were discarded and 1200 fairly uniform 
plants were thus obtained. Of these, 200 were reset in each of six tin boxes 
and buried in the field to ground level. This provided an abundant and 
efficient source of hardened material without entailing the difficulties of 
removing individual plants from frozen soil. By using this method of hard- 
ening and storing in the field, the plants could easily be taken at intervals 
during the winter to a cool greenhouse for gradual thawing and removal 
from the containers. After thawing, the plants were taken to the labora- 
tory, hurriedly washed in cold tap water, trimmed to root lengths of 10 em. 
and to crown lengths of 2 em. as before. These were grouped into uniform 
samples of ten plants each. 

In this experiment the hardened plants were exposed to a temperature 
of —4° C. A continuous flow of air was drawn through the test tubes con- 
taining one series of plants; a flow of nitrogen through another, and a flow 
of carbon dioxide through another. One series was frozen in ice as in 
Experiment I. 

In Experiment I some difficulty was encountered with the plants frozen 
in ice because the collodion bags coated with varnish became brittle and ex- 
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tremely fragile when subjected to the freezing temperatures. In some cases 
this resulted in cracked bags which allowed the alcohol of the bath to enter. 
These samples were, of course, discarded. To overcome this difficulty, rub- 
ber latex tubes approximately 14” x7” were obtained and the roots were 
placed in these. The individual plants were separated within the ice as in 
the previous experiment. The tubes were filled with cold tap water and 
the tops of the tubes were closed with a large cork before suspension in an 
aleohol-water bath at — 4° C. 

The samples to be frozen in circulating air, nitrogen, and carbon dioxide 
were placed in 1” x 8” Pyrex test tubes which were fitted with an inlet tube 
extending just below the stopper and an outlet tube extending to the bot- 
tom of the test tube. This insured a constant flow of the gases through the 
test tubes without stratification. The test tubes through which each gas was 
introduced were arranged in series and connected by means of short pieces 
of rubber tubing. Between the root samples and the gas supplies Erlen- 
meyer flasks, filled with finely chopped ice to saturate the gas with water 
vapor, were inserted. 

The compressed air line in the laboratory provided the source of air. A 
pressure regulator was installed to provide a slow but constant flow. The 
nitrogen was obtained by passing air through two large absorption bottles 
containing alkaline pyrogallate. It was then washed in water and concen- 
trated sulphuric acid. The carbon dioxide was obtained from dry ice. <A 
2-pound piece of solid carbon dioxide was wrapped in cheese cloth and 
placed in a gallon thermos jug fitted with a large one-hole rubber stopper. 
The jug was placed in the freezing chamber to prevent too rapid evolu- 
tion of the carbon dioxide. The gas was washed in concentrated sulphuric 
acid and the pressure and rate of flow regulated automatically. 

The tubes containing the plants were properly connected with the sources 
of gas and placed in the thermostatically regulated aleohol-water bath at 
-4° CC. Samples of all series were removed at intervals of about 7 days. 
The roots were allowed to thaw at 1° to 2° C. for 10 to 12 hours, after which 
they were transplanted into quartz sand for recovery in the greenhouse. 
The extent of injury was measured by the weight of dry matter of tops ob- 
tained from the various samples after three weeks of growth. Greenhouse 
conditions were not entirely uniform for each three weeks’ period—varying 
considerably in the amount of sunlight during the winter months. How- 
ever, the relative growth of the samples tested in any single three weeks’ 
period was comparable. 


EFFECTS OF STORAGE IN VARIOUS MEDIA IN EXPERIMENT II 


The results of this experiment are recorded in table II and are presented 
in graphie form in figure 3. It is evident that little injury takes place with 
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TABLE II 


RECOVERY OF HARDENED ALFALFA PLANTS AFTER STORAGE IN VARIOUS MEDIA FOR VARYING 
PERIODS AT — 4° C, AS MEASURED BY THE LENGTH AND OVEN-DRY WEIGHT OF TOP 
GROWTH PRODUCED DURING THREE WEEKS OF RECOVERY IN THE GREENHOUSE. 
EXPERIMENT IT. Serres oF DeceMBER 14, 1935, To Fepruary 5, 1936 


Days Ice CO, FLOWING AIR FLOWING N, FLOWING 
. > - re ee i 
— | Weicut | LENGTH WeIGcnT | LeNeTH | Weicnt’) Lenerta | Weicut! LENGTH 
suis —__—_—_—}—— 4 
| gm. | om. gm. em. gm. cm, gm. em. 
3 | 0.331 0.440 0.440 
9 0.580 0.590 
17 0.400 0.630 0.625 
23 0.378 0.472 
28 0.211 4.54 0.365 7.65 0.614 11.37 0.442 8.69 
35 0.223 1.48 0.270 2.22 0.53 4.88 0.464 4.64 
53 0.005 0.52 0.230 4.21 0.343 5.66 0.510 7.66 


freezing at —4° C. under any of the conditions of surrounding media not in 
excess of ten days’ duration. The growth for three weeks of the unfrozen 
check sample of plants before storage was much less than those stored in ice 
for 10 days and then allowed to recover for three weeks. More optimum 
light conditions in the greenhouse during the latter three weeks’ recovery 
period may account, in part, for the increase. In any case, it indicates that 
the factors associated with the duration of the ice, rather than direct effects 
of the ice itself, are harmful. 

In this experiment, as well as in Experiment I, the medium of ice was 
by far the most injurious. With 53 days of storage in ice nearly all the 
plants died. The injury curve for the flowing carbon dioxide follows that 
of ice but the injury was less intense. The plants held in flowing air and 











- 

7 
= AIR 
K OF ~, ite 
= * i oe nN 
2 | i x aoe . 

s » ~ ™~ 
_ a ‘ B 
$ we \ NITROGEN 
~ - / >? 
~ 

g be / nT CARBON DIOXIDE “ 
ri \/ ™ 
2 
w Jr 
>» 
3 
3 
=< ?r 
ed i 
~ 3 

te 

| 

L ‘ n Sera 1 a 2. 

7] 40 20 30 40 50 60 

OAYs 


Fic. 3. Weight of oven-dry top growth of hardened Turkestan alfalfa produced in 
3 weeks of greenhouse recovery after storage at —4° C. in ice and flowing gases. Experi- 


ment II. Series of December 14, 1935, to February 5, 1936. 
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flowing nitrogen were only slightly injured during this period but at the 
end of 53 days, the plants in air showed greater injury than those in nitro- 
gen, In all probability this was due to more severe desiccation since the 
rate of the air flow was greater than that of nitrogen. 

The trials of experiment I and II indicate that injury is intensified 
primarily by the type and duration of the surrounding media. This ap- 
pears to be associated with accumulations and increasing concentrations of 
earbon dioxide and other products of aerobic and anaerobic respiration. 
The diffusion of carbon dioxide and other respiratory products away from 
living cells of plants tightly incased in ice, is definitely inhibited by the ice 
itself and it would appear that, in time, concentrations of considerable 
magnitude would result in serious injury. None of the surrounding media 
used in experiments I and II caused such intense and such rapid injury 
as did ice, and in no case would the diffusion of respiratory products be in- 
hibited more completely. Further investigations of such relationships are 
incorporated in experiments III and IV. 


Experiment III 
METHODS AND PROCEDURE 


To provide a series frozen at —4° C. for comparison with a series stored 
in water at 1° C. in experiment IV, a second lot of hardened Turkestan 
alfalfa plants was dug from the field on January 11, 1936. These were 
prepared as previously and subjected to —4° C. with various surrounding 
media similar to those in experiment II, namely, flowing air, flowing nitro- 
gen, flowing carbon dioxide, stagnant nitrogen, and ice. 

The recovery of these series as measured by the top growth produced 


TABLE III 


RECOVERY OF HARDENED ALFALFA PLANTS AFTER HAVING BEEN STORED IN VARIOUS MEDIA 
FOR VARYING PERIODS AT — 4° C. AS MEASURED BY WEIGHT AND LENGTH OF THE TOP 
GROWTH PRODUCED DURING THREE WEEKS UNDER GREENHOUSE CONDITIONS. 
EXPERIMENT III. SERIES OF JANUARY 11, 1936, TO MARCH 11, 1936 


! *‘LOWING CO, FLOWING N. STAGNANT* IcE 
Days AIR FLOWI 3 ( 


STORED 


WEIGHT | LENGTH WEIGHT LENGTH WEIGHT LENGTH | WEIGHT LENGTH 


gm, cm, gm. cm. gm. cm. gm. em, 
3 0.678 13.61 0.569 10.76 0.437 9.3 
10 0.542 11.85 0.423 8.76 0.287 4,28 
23 0.488 8.26 0.455 8.70 0.170 2.36 
31 0.635 12.08 0.210 4.91 0.325 7.44 0.002 0.9 
38 0.510 6.23 0.370 5.37 0.040 0.55 
45 0.705 10.34 0.200 7.26 0.260 1.38 0.0 0.0 
53 0.540 10.39 0.215 5.41 0.110 2.95 0.0 0.0 
60 0.413 4.33 0.010 0.92 0.100 2 20 0.0 0.0 


* Test tubes were stoppered. 
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during three weeks of greenhouse recovery is presented in table III.*  Fig- 
ure 4 shows graphically the recovery as measured by oven-dry weight of top 
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Fic. 4. Weight of oven-dry top growth of hardened Turkestan alfalfa produced in 
3 weeks of greenhouse recovery after storage in ice, flowing air, flowing carbon dioxide, 
and stagnant nitrogen at —4° C. Experiment III. Series of January 11 to March 11, 
1936. 


growth produced during three weeks of favorable growing conditions in the 
greenhouse. 

In this, as in previous trials, samples of alfalfa plants ineased in ice 
show the greatest injury in the shortest time. Those stored in test tubes of 
flowing carbon dioxide are next in order but injury was very slight with 
storage in the medium of flowing air (fig. 4). With 60 days of storage all 
the plants in ice were dead and nearly all those in flowing carbon dioxide 
were dead. Those stored in stoppered tubes of nitrogen had slightly better 
survival but the plants were very much weakened after 60 days of storage. 

The photograph (fig. 5) taken after three weeks of greenhouse recovery 
of the samples of plants removed after 31 days of storage shows a vigorous 
recovery of the plants frozen in flowing air and flowing nitrogen (both of 
which would reduce the accumulation of carbon dioxide and other respira- 
tory products), but growth was retarded slightly (and later, severely) 
for those plants frozen in stoppered tubes of nitrogen where respiratory 
products could accumulate, and very much for those plants frozen in a 
stream of carbon dioxide. The plants frozen in ice were either dead or so 
seriously injured that very little or no top growth was produced. 

In these trials and those of experiments I and II, it is probable that 
with the absence of oxygen in the surrounding gaseous media, the products 

2 Because of circumstances of an accidental character the data on flowing nitrogen 


is omitted except for results obtained after 31 days of storage which are shown photo- 


graphically in figure 5. 
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Fic. 5. Turkestan alfalfa plants after 3 weeks of recovery in the greenhouse. The 
plants (reading from left to right) had been stored at —4° C. for 31 days (January 11 
to February 11, 1936) in flowing air, flowing nitrogen, stoppered test tubes of nitrogen, 







flowing carbon dioxide, and ice. 






of anaerobic respiration become sufficiently concentrated to be toxic. Such 





harmful concentrations do not occur as rapidly in test tubes which provide 
for some diffusion as they do with ice which inhibits diffusion from the 







tissues almost completely. 






Experiment IV 





METHODS AND PROCEDURE 






On January 11, 1936, hardened Turkestan alfalfa roots were obtained 
from the same field source as those in experiments I] and III. They were 





trimmed as before and arranged in uniform ten-plant samples in Pyrex 
test tubes. Individual samples were surrounded at 1° C. with the following 
media: Tap water in stoppered test tubes, tap water through which carbon 
dioxide was bubbled, tap water through which air was bubbled, stagnant 













air, and stagnant nitrogen. After various periods of storage, ten-plant 






samples from each treatment were planted in quartz sand in the greenhouse 






for recovery. 






RESULTS WITH STORAGE ABOVE FREEZING 


The dry weight and length of tops produced during the recovery period 
following the treatments at 1° C. are presented in table IV and the data 
are comparable with those in table III. Unfrozen water produced the same 
detrimental effect as ice and the recovery of the plants stored in water closely 
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TABLE IV 


RECOVERY OF HARDENED ALFALFA PLANTS AFTER STORAGE IN VARIOUS MEDIA FOR VARYING 
PERIODS AT 1° C, AS MEASURED BY THE WEIGHT AND LENGTH OF TOP GROWTH PRO- 
DUCED IN THREE WEEKS UNDER GREENHOUSE CONDITIONS. EXPERIMENT 

Ill. Serres or JANUARY 11, 1936, TO Marcu 11, 1936 





























IN WATER NO WATER 
Days | . s pera i 7a or wee 
sro | __ An ee 
Weicnt | LenetH Weient | Lencra | Weicnt | Leneta | Weient| Lenetu 
gm | em. gm. em. gm. | em. gm. em. 
3 0.747 | 14.11 0.679 12.62 0.789 14.86 
10 0.598 | 14.30 0.471 11.53 0.712 | 15.23 
23 0.170 | 4.10 0.01 1.6 0.115 3.04 
31 0.110 2.64 0.0 0.0 0.001 0.2 0.50 11.20 
38 0.440 5.13 0.001 0.2 0.125 2.88 
45 0.380 5.19 0.0 0.0 0.001 1.2 0.45 7.03 
53 0.120 2.59 0.0 0.0 0.0 0.0 0.220 6.30 
60 0.162 3.88 0.0 0.0 0.002 2.0 0.487 7.50 








* Bubbled through test tubes of water. 


resemble those of plants stored in ice but water saturated with carbon dioxide 
caused the greatest harm and all of the plants were severely injured in 23 
days. Plants in stoppered tubes of water were nearly all dead in 31 days, 
while those in tubes of water with air bubbling through it were alive and 
vigorous at the end of 60 days. Plants stored in stagnant nitrogen but 
without water were healthy and vigorous at the end of 60 days. 

In most eases, the injury occurred in the crowns. Often the crowns 
were dead, while the roots of such plants appeared uninjured. Especially 
was this true of the plants stored in water saturated with carbon dioxide. 
Field studies of GraBer (2) in 1922 showed that only the crowns and upper 
portions of the roots were injured and that the older thickened rhizomes 
of the crown were often dead, while the young rhizomes diverging from 
them were alive and apparently not seriously injured. Such plants, of 
course, eventually died, but the young rhizomes grew until warm weather 
and desiccation killed them. Combining these observations with those of 
experiment III, it would seem that ice-sheet injury under field conditions 
may be due, in part, to accumulations of carbon dioxide where the ice-sheet 
contacts the plants and that the older rhizomes are more susceptible to such 
injury. In these experiments, however, only young plants were used. The 
observations on such plants frozen at —4° C. in ice for 35 days in experi- 
ment II and for 23 days in experiment III showed a noticeably higher 
degree of injury of crowns than of the roots, although in several instances 
the entire root was killed and decomposed to a pulpy consistency. This 
suggests that the crowns may be more sensitive to such injury or that the 














—— 





SPRAGUE AND GRABER: ICE-SHEET INJURY OF ALFALFA 671 


carbon dioxide and other respiratory products may accumulate there in 
greater abundance. 

The survival of hardened alfalfa plants with ice contacts appears to be 
related to the time of removal of the plants from their field environment. 
Plants removed on December 14, 1935, were injured by ice duration to a 
much less degree than plants given the same treatment after removal from 
the field on January 11, 1936. This may be of significance but an explana- 
tion will become available only with further trials. 


Discussion 


The authors have not found any literature dealing with the fundamental 
aspects of injury to alfalfa or other plants from external contacts with ice. 
While the exact mechanism of this type of cold injury is unknown the results 
obtained throw some light on some of the factors conditioning ice injury. 
These experiments were planned to eliminate direct injury from low tem- 
peratures so that the influences associated with the media immediately sur- 
rounding the plants could be ascertained. Aside from carbon dioxide, none 
of the surrounding media appeared to be directly injurious. 

The interpretation of results obtained in the trials where gaseous and 
liquid media were confined in test tubes of limited capacity, would be incom- 
plete without an appreciation of the fact that the daily production of carbon 
dioxide and other respiratory products by dormant plants would gradually 
increase the concentration of such products in the media and in the plant. 
The time factor of injury is probably associated with such increasing con- 
centrations of carbon dioxide and other toxic materials of aerobie and 
anaerobic respiration. More than anything else this may explain the rapid 
rate of injury sustained by plants frozen in ice. Ice inhibited the removal, 
escape, and external diffusion of carbon dioxide and other produets of aerobic 
and anaerobic respiration. True, ice excluded oxygen but the exclusion of 
this element does not seem to be an immediate cause of injury or death. 
Before the absence of oxygen became a lethal factor, it appears that con- 
centrations of carbon dioxide and other respiratory products resulting from 
the incasement of the plant in ice, became the lethal factors. Plants stored 
in stoppered test tubes of nitrogen where oxygen was absent but where some 
diffusion of carbon dioxide could prevail, were injured less rapidly and 
much less intensely than plants frozen in ice. 

That the removal of carbon dioxide and other respiratory products is 
associated with factors which greatly reduce the injuries of storage, is shown 
by the results of all the trials of this investigation. Plants stored in stop- 
pered test tubes of water, were injured as intensely and as rapidly as those 
incased in ice but plants stored in water through which air was bubbled, 
were scarcely injured. Plants stored for 113 days at —3.5° C. in stoppered 
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tubes of air showed decidedly greater injury than those stored in tubes of 
flowing air. Plants frozen in a constant stream of carbon dioxide showed 
a degree and rate of injury of a magnitude approaching that occasioned 
by ice-sheets. 

The most rapid injury occurred when plants were stored in water satu- 
rated with carbon dioxide. When external accumulations of carbon dioxide 
were in contact with the plants in water solution, the injury was much 
greater than external accumulations in the form of gas. Carbon dioxide 
was the only form of external media used in these trials which appeared 
to be directly harmful. The rapid injury by carbon dioxide in water solu- 
tion was observed by Free (3) in 1917. He reported that buckwheat roots 
in culture solutions through which carbon dioxide was circulated ‘‘sickened 
and wilted within a few hours and died within a few days.”’ 


Summary 


The injuries sustained by hardened alfalfa plants frozen and maintained 
in ice at harmless temperatures, appear to be due to internal accumulations 
of the toxic products of aerobic and anaerobic respiration. Ice, contacting 
the root and crown, inhibits the diffusion of carbon dioxide and conecentra- 
tions of it and other respiratory products may increase rapidly, becoming 
highly injurious and ultimately lethal. 

The degree and rate of injury of hardened alfalfa plants during various 
periods of storage was, in all cases, closely associated with conditions of 
the surrounding media which affected the removal of the respiratory prod- 
uct, carbon dioxide. Dormant alfalfa plants stored at non-injurious tem- 
peratures of —3.5° C., —4° C., and 1° C. for varying periods in test tubes 
of external media which removed carbon dioxide or, at least, prevented 
its accumulation, such as flowing air, and air bubbled through water, and 
flowing nitrogen, had a much higher survival and sustained much less injury 
and a much lower rate of injury than those confined for similar periods 
in ice and in test tubes of surrounding media, such as still water, still 
nitrogen, flowing carbon dioxide, and especially carbon dioxide bubbled 
through water. 

The formation of ice about and in contact with the plant did not result 
in direct injury. Only after seven to ten days’ duration of the ice were 
injurious effects manifested but after twenty days a high rate of mortality 
prevailed. Plants immersed in test tubes of water at 1° C. were injured at 
approximately the same rate and degree as those frozen in ice at —4° C. 
Where carbon dioxide was bubbled through water, however, such saturation 
reduced the survival much more rapidly and injuries were more intense 
than those sustained from ice contacts. Carbon dioxide was the only one, 
of the several gaseous media used, that appeared to be directly toxie to 
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plants and it was much more injurious when in solution than in the gaseous 
forms. 

The exclusion of oxygen did not appear to be an initial cause of injury 
or death but may be associated with injuries resulting from the aceumula- 
tions of the products of anaerobic respiration. 


The writers wish to express their appreciation to Dr. B. M. Duagar and 
Dr. W. E. Torrincuam for their helpful suggestions during the course of 
these experiments. 
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(WITH NINE FIGURES ) 


Introduction 


The natural pectins are believed to consist of long, open, unbranched 
chains of galacturonic acid with an occasional arabinose and galactose mole- 
cule. The free carboxyl groups of the galacturonic acid are partially or 
wholly esterified with methyl alcohol, and an occasional hydroxyl group is 
esterified with acetic acid |BonNer (4), Branroor (5), FREUDENBERG (7), 
Gappum (8), Kerresz (13), Myers and Baker (16), Norman (18, 19), Ripa 
(22)|. The differences found among the natural pectins are believed 
to arise from differences in the extent of esterification, and in the extent of 
polymerization. The view that pectins originate phytochemically by the 
progressive oxidation of the sixth carbon atoms of the galactose residues 
occurring in galactans, followed by decarboxylation has been recently ques- 
tioned by the finding of Hirst and Jonegs (10) that the araban found in close 
association with the pectic acid of the peanut is composed entirely of the 
arabofuranose residues instead of the expected arabopyranose residues. 

On the assumption that the pectin molecule consists of galacturonie acid, 
galactose, arabinose, acetyl, and methoxyl units the pectic enzymes should 
number at least seven specific enzymes acting upon the possible linkages 
between these units. In addition we would expect the presence of enzymes 
of initial attack differentiated by their ability to attack pectins of different 
degrees of polymerization. Accepting ‘‘protopectinase’’ as such an enzyme, 
there are at present known but four specific enzymes (13) of which pectin 
methoxylase has been most widely studied. 

The complexity of the pectins, the diversity of the enzymes acting upon 
them and the difficulty of obtaining either pure pectic enzymes or substrates 
of definite constitution and configuration have complicated this field. It 
has been only recently that systematic studies on fairly well defined sub- 
strates were begun by Enruicn (6) and independently by Kerresz (13). 
The separation of the various components of the pectinase complex, their 
purification and investigation is yet to be undertaken. Roruscump (23) 
pointed out in this connection the possibility of separating ‘‘pectolase’’ 
from ‘‘pectase’’ by making use of the different rates at which these are 
destroyed in acid and alkaline solutions. 


1 Presented at the 23rd annual meeting of the Pacific Division, A.A.A.S., Stanford 


University, June 29, 1939. 
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Although some investigations were made by Gappum (6) on the effect of 
maturity and fruit type on the chemical composition and physical properties 
of the pectins extracted from the albedo and pulp of citrus fruits, by Harvey 
and Ryaee (9) and by Ryae and Harvey (24) on changes occurring in the 
pectic constituents of the peel of citrus fruit, no investigations on the nature 
and relative activity of citrus pectic enzymes have been reported. The 
citrus pectins are known to differ from each other and from those of other 
fruits in chemical composition and degree of polymerization. SVEDBERG 
and GRALEN (27) reported that the pectins from apples, pears and plums 
have approximately the same molecular weight while that from oranges was 
of definitely higher molecular weight (40,000—50,000). Norris (20) found 
that the pectic substances in oranges were less methoxylated than those 
found in lemons by Norman (17). Differences between commercial apple 
and citrus pectins were reported by Stuewer ef al. (26). It has been shown, 
particularly by Hirst and co-workers at Birmingham (2, 11, 12), that the 
araban content of pectins may be reduced to negligible amounts by special 
methods of preparation so that arabinose need no longer be considered as 
an essential constituent of pectin. The precise nature of the galactan por- 
tion is not known (cf. Norris (21)) although strong evidence has been ad- 
duced to show that the fundamental feature of the chemical structure of 
both the pectic acid from strawberries and from citrus fruits consists of a 
chain of pyranose d-galacturonic acid residues linked together through 
positions 1 to 4, BEaven and Jones (3), Smirn (25). Levene eft al. (15) 
believe the linkage is through the fifth carbon atom. This change in consti- 
tution of pectin reduces the number of enzymes in the pectinase complex. 
There is particular need at present for purification of the components of the 
pectinase complex as an aid to the study of the physiology and chemistry of 
pectins. 

To obtain some information on the activity of the pectic enzymes present 
in citrus fruits, an investigation was made of the rate of decomposition of 
pectin in macerated tissues under various conditions. In preliminary in- 


vestigations it was found that pectin destruction in oranges occurred at a 














very different rate from that in apple or cucumber tissues (fig. 1). In apple 
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the total pectin remained essentially constant for four days, then rapidly 
decreased to about two-thirds of its original value and remained at that level. 
In oranges the total pectin rapidly decreased to about one-third of its origi- 
nal value in 24 hours and then remained essentially constant, while the 
pectin content of cucumbers decreased rapidly and continually, reaching a 
very low level in about 6 days. The constant level in oranges and apples 
may be ascribed either to the presence of residual pectin unattacked by the 
enzymes present, or to the decay of the enzymes. 


Materials and methods 


The data shown in the graphs of figure 1 were obtained with Newton 
Pippin apples removed from cold storage in July 1937, fresh Valencia 
oranges and cucumbers. The macerates had the following initial pH values: 
3.8, 4.5, and 5.8, respectively and a final pH of 3.5, 4.1, and 4,4, respectively. 

The rates of destruction of pectin in orange, grapefruit, and lemon 
macerates were determined at their natural pH and in macerates adjusted 
to pH 2.5, 3.5, and 4.5, respectively and these data are presented here. 


PREPARATION OF SAMPLES 


Valencia oranges, Marsh grapefruit, and Eureka lemons purchased early 
in the fall on the market, were peeled, the peel and pulp group ground sepa- 
rately, mixed together and 0.3 per cent. of sodium benzoate added as preserva- 
tive. The time required for the preparation of the ground fruit was approxi- 
mately two hours. The pH was then determined and, four hours after this 
determination, the entire amount of each fruit was divided into three lots; 
one of these was left at its original pH (3.5 for grapefruit and oranges and 
2.5 for lemons) and the other two lots adjusted to give the range of 2.5, 3.5, 
and 4.5. Concentrated citric acid was added to obtain a lower pH and 
sodium hydroxide to obtain a higher pH. Immediately, and at definite 
intervals thereafter 50-gram samples were withdrawn after thorough mixing 
and boiled with 400 ml. of water for one hour to inactivate the enzymes and 
extract the pectin present, water being added periodically to maintain a 
constant volume. Extracts were then made up to 500 ml. and filtered. 
The appearance of the extracts shown in figure 2 illustrates the marked 
changes in pectin content (cloudy samples containing most 

The pectins present in 200-ml. aliquots of the filtrate were precipitated 
and determined as pectic acid (digalacturonie acid) by the WICcHMAN- 
CHERNOFF procedure (1). On the assumption that the mineral content in 
all the samples withdrawn from a given lot of fruit is constant, the ignition 
of the pectic acid precipitate was omitted. In three of the series of tests 
the alcohol precipitate was determined, also, as a measure of gums, pectins, 


ete. 
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Fig. 2. Appearance of pectin extracts from © 


ished oranges, grapefruit, and lemons 
held at their natural pH value. 


In the course of these experiments, the vacuum oven at 70° C. and the 
hot air oven at 100° C. were compared in the drying of pectic acid precipi- 
tate in some determinations, using extracts from oranges. The period of 
drying in the vacuum oven was approximately 24 hours, while that for the 
hot air oven was 8 hours. 
given in table I. 


A comparison between the values obtained is 


It is evident that there is but a slight difference between the two methods 
of drying. The difference ean be neglected. particularly 


in studies whicl 
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TABLE I 
COMPARISON OF DRYING BY VACUUM OVEN AND BY HOT AIR OVEN 


VACUUM OVEN HoT AIR OVEN 
TIME OF STORAGE BEFORE -- aH 
DETERMINATION PECTIC ACID PER PECTIC ACID PER 
200 ML. 200 ML. 





hr. gm. gm, 
0 ‘ 0.214 0.213 
4 ; 0.185 0.183 
8 0.157 0.156 
I i. 0.127 0.127 
Be ie 0.119 0.118 
a... 0.102 0.102 


are comparative in purpose rather than quantitative, therefore it is possible 
to use the hot air oven for drying pectic acid precipitates without seriously 
affecting the results. 
CHANGES IN PH VALUE 
Determinations of the pH values of the fruit extracts at the initial and 
final stages were made and the values obtained are given in table II. 


TABLE II 
CHANGES IN PH VALUES DURING THE EXPERIMENTS 


ORANGES GRAPEFRUIT LEMONS 


NATURAL NATURAL NATURAL 


Initial 2.5 3. f Be 3 4A 25 3.f 4.5 
Final 2.7 3. ’ 2.8 3. . 2. 3S 4.1 


It is evident that the pH increased slightly in all cases except for the 
sample brought initially to pH 4.5. In the latter the pH decreased to 4.1. 











Fie. 3. Comparative rates of decomposition of pectic substances in certain citrus 
fruits. Expressed as alcohol precipitate. 
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The increase in pH is probably due to a change in the nature of the colloidal 
buffering substances present, while the decrease may be due largely to for- 
mation of free pectic acids by demethoxylation. The changes in pH, how- 
ever, are not very large and may be neglected in view of the other changes 
involved. The results may be assumed to have been obtained at substantially 
constant pH value. 


COMPARISON OF CITRUS FRUIT EXTRACTS AT THEIR NATURAL PH VALUE 


The rate of change in amount of alcohol precipitate obtained (by the 
A.O.A.C. procedure (1)), from samples of oranges, grapefruit, and lemons 
is shown in table III and in the corresponding graph (fig. 3). The data for 


TABLE III 


RATES OF CHANGE IN PECTINS OF ORANGES, GRAPEFRUIT AND LEMONS 
DETERMINED AS ALCOHOL PRECIPITATE 

















TIME OF STORAGE GRAMS ALCOHOL PRECIPITATE PER 200 ML. OF FILTRATE 
BEFORE —— a 
DETERMINATION ORANGES GRAPEFRUIT LEMONS 

hr. gm. gm. gm. 

0 0.375 0.691 0.775 

+ 0.343 0.488 0.728 

8 0.263 0.442 0.705 
12 0.205 0.433 0.640 
14 0.199 0.408 0.633 
22 0.185 0.403 0.598 
26 0.179 0.262 0.581 
30 0.175 0.229 0.577 
38 0.176 0.226 0.572 
42 0.169 0.200 0.576 
48 0.170 0.209 0.552 
72 0.173 0.214 0.539 
168 0.174 0.190 0.527 
336 0.166 0.186 0.532 
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Fig. 4. Comparative rates of decomposition of pectic substances in certain citrus 


ruits (as pectic acid). 
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the pectin content determined as pectic acid are given in table IV and are 





represented by the graph shown in figure 4. 


TABLE IV 


RATES OF CHANGE IN PECTINS OF ORANGES, GRAPEFRUIT AND LEMONS 
DETERMINED AS PECTIC ACID 





























TIME OF STORAGE | GRAMS PECTIC ACID PER 200 ML. OF FILTRATE 
BEFORE _ —— —— —— — 
DETERMINATION ORANGES GRAPEFRUIT LEMONS 
hr. gm. gm. gm. 
0 0.214 0.157 0.264 
4 0.185 0.146 0.254 
8 0.157 0.134 0.242 
12 0.127 0.128 0.229 
14 0.119 0.127 0.225 
22 0.102 0.122 0.220 
26 0,082 0.120 0.215 
30 0.079 0.118 0.211 
38 0.068 0.114 0.210 
42 | 0.065 0.110 0.205 
48 | 0.060 0.108 0.204 
72 0.051 0.106 0.195 
168 0.047 0.093 0.188 
336 0.046 0.087 0.184 


















Errect or PH ON THE RATE OF DECOMPOSITION OF CITRUS PECTINS 


The changes in pectins observed in macerates adjusted to varying pH 
Gr . e Se 





values are shown in table V and figures 5, 6, 7, 8, and 9. 


TABLE V 


CHANGES OF PECTIC SUBSTANCES IN FRUITS AT VARYING PH VALUES 








TIME OF GRAMS PECTIC ACID PER 200 ML. 

STORAGE 

BEFORE a8 See en Pee 
DETER MI- 
NATION 







ORANGES GRAPEFRUIT LEMONS 
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PH :—2.5 3.5 4.5 2.5 3.5 4.5 J 3. : 
hr. — — — 

gm. gm. gm. gm. gm, gm. gm. gm. gm. 

0 0.214 0.157 0.264 

4 0.185 0.185 | 0.185 | 0.146 | 0.146 | 0.146. 0.254 | 0.254 | 0.254 
8s 0.163 0.157 | 0.164 | 0.138 | 0.134 | 0.130 | 0.242 | 0.247 | 0.240 
12 0.135 0.127 | 0.130 | 0.134 | 0.128 | 0.126 | 0.229 | 0.232 | 0.219 
14 0.128 0.119 0.120 | 0.132 | 0.127 | 0.124 | 0.225 | 0.224 | 0.208 
22 0.120 0.102 | 0.112 | 0.127 | 0.122 | 0.117 | 0.220 | 0.206 | 0.200 
26 0.107 0.082 0.100 0.120 | 0.120 | 0.117 | 0.215 | 0.200 | 0.193 
30 0.100 0.079 | 0.094 0.122 | 0.118 0.115 | 0.211 0.200 0.183 
38 0.093 0.068 0.085 0.120 0.114 0.108 0.210 0.187 0.181 
42 0.087 0.065 0.081 0.118 | 0.110 0.105 0.205 | 0.186 0.180 
48 0.079 0.060 0.073 0.117 | 0.108 0.109 . 0.204 | 0.183 | 0.179 
72 0.065 0.051 0.060 0.112 0.106 0.099 0.195 0.176 0.175 
168 0.065 0.047 0.054 0.107 0,089 0.087 0.188 0.172 0.172 
336 0.067 0.046 | 0.054 | 0.096 | 0.087 0.084 0.184 0.164 | 0.165 





504 0.061 0.053 | 0.092 | 0.069 0.161 0.158 
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Fic. 5. Comparative rates of decomposition of pectic substances in certain citrus 


fruits at pH 4.5. 
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Fig. 6. Comparative rates of decomposition of pectic substances in certain citrus 


fruits at pH 2.5. 
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Fic. 7. Effect of pH on rate of decomposition of pectic substances in oranges. 


‘ ~ 
‘. 
: —S————_—- 
° - 
‘ 








Fic. 8. Effeet of pH on rate of decomposition of pectic substances in grapefruit. 
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Fic. 9. Effect of pH on rate of decomposition of pectic substances in lemons. 











Discussion 


From the data shown in tables III and IV and the corresponding graphs 
(figs. 3 and 4) it is seen that the amount of soluble pectin in lemons is greater 
than that in oranges, and the amount in oranges exceeds that in grapefruit. 
A decrease in the amount of soluble pectin present in all three fruits occurs 
with increase in time of storage. It is of interest to note that this decrease 
is reflected in the extent of clarification of the filtrates from the different 
fruits as shown in figure 2. 

On successive filtrates from each fruit at the natural pH value, there was 
marked clarification which was very rapid in oranges and more gradual in 
both grapefruit and lemons. In lemons the turbidity persisted throughout. 
The rate of decrease in the amount of unaltered pectic substance is shown by 
the graphs given in figures 3 and 4. It may be observed that a similar curve 
is obtained for each fruit ; and that the rate of decrease in alcohol precipitate 
follows that of pectic acid. These graphs also show that for all fruits the 
initial rapid loss of soluble pectic substances occurred in approximately the 
same time. 

In general, the decomposition of pectic substances measured as alcohol 
precipitate shows the same trend as that determined as pectic acid. If, how- 
ever, we compare the ratio of alcohol precipitate to pectic acid precipitate 
in the three fruits after different time intervals, we observe a great variation 
as shown in table VI. 

The ratio of aleohol precipitate to pectic acid remained approximately 
constant until after 22 hours, at which time most of the decomposable 
pectin is lost. In oranges the ratio then increases, indicating that although 
the gums and other non-pectinous water-soluble alcohol-precipitable mate- 
rials were hydrolyzed at the same rate as pectin initially, they were de- 
composed at a slower rate thereafter. In lemons the ratio remained 


practically constant, thus indicating, either that the alcohol precipitable 
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TABLE VI 


RATIO OF ALCOHOL PRECIPITATE TO PECTIC ACID IN SUCCESSIVE DETERMINATIONS 


TIME OF 





RATIO OF ALCOHOL PRECIPITATE TO PECTIC ACID 
STORAGE BEFORE = |———- —_—— — eee TIO —_—— 
DETERMINATION | ORANGES GRAPEFRUIT LEMONS 

hr. 

0 1.8 4.4 2.9 

4 1.85 3.3 2.8 

22 1.8 3.2 2.7 

48 2.8 1.9 2.7 

72 3.4 2.0 2.7 

168 3.7 2.6 2.8 

336 3.6 2.7 2.8 


material was all pectin or that the gums were decomposed at the same rate 
as pectin throughout. In the case of grapefruit the evidence indicates a 
more rapid decomposition of gums than of pectins in the initial stages fol- 
lowed by a less rapid decomposition. 

It is seen that the total amount of soluble pectic substances decomposed 
varied greatly in the three citrus fruits. While in oranges almost all of this 
substance was decomposed, in grapefruit only about half of it had undergone 
such decomposition, and in lemons the amount decomposed was only one- 
third of the total. The reasons for this difference in behavior of the three 
fruits can only be surmised. Either there are definite differences in the 
nature and activity of the pectic enzymes present or there are differences in 
the pectins present. Although, as will be shown, the difference in pH had a 
measureable effect, it did not account for all the differences observed. 

In figures 5 and 6 are shown the comparative rates of decomposition of 
pectic substances in the three fruits at pH values 2.5 and 4.5 respectively. 
In addition to the observation that in all cases the rate of decomposition 
was greater in oranges than in grapefruit or lemons, a comparison of the 
two graphs shows a greater decomposition of the pectic substances in all the 
fruits at the higher pH value. 

With oranges, figure 7 indicates that the pectic substances were more 
rapidly decomposed at pH 3.5 than at either pH 2.5 or 4.5. The effect of 
the change of pH is more noticeable during the first three days; after this, 
the rates of decomposition approach constancy, a phenomenon represented 
by the parallelism of the curves. 

With grapefruit (fig. 8). although the rate of decomposition was compara- 
tively slow, it is seen that a pH of 4.5 was favorable for the decomposition. 
There is a marked difference in the rate of decomposition at pH 2.5 and 4.5, 
although the difference was smaller in the comparison between the rate of 
decomposition at pH 3.5 and 4.5. 


The same results were obtained with lemons with the exception that the 
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rate of hydrolysis of pectic substance in lemons was faster than in grapefruit 
(fig. 9). 

It is of interest to note that the effect on the decomposition of increasing 
the pH of each fruit from 2.5 to 4.5 is reflected in the degree of clarification 
in the extracts. On successive filtrates from each fruit at the upper pH 
range, the same progressive clarification was observed. This clarification 
is more apparent at the higher pH than at the normal or at the lower. In all 
cases, extracts obtained from fruit maintained at the lower pH value showed 
greater turbidity. 

A study of pectin methoxylase activity in citrus fruits (to be presented 
elsewhere) indicated that this behaved similarly to that found in tomatoes 
by Kertesz (14), 7.e., that its optimum pH was close to neutrality. In ex- 
tracts from oranges or in pectin solutions to which these extracts were added, 
there occurred a very rapid decrease in viscosity but only a gradual increase 
in acidity owing to demethoxylation. This may indicate that a depolymeri- 
zation of the pectin molecule precedes demethoxylation.* 


Summary and conclusions 
The rate of decomposition of natural pectins by the naturally occurring 
pectic enzymes was studied in various fruits. In apples the total pectin 
remained essentially constant for a period of about four days and then 
rapidly decreased to about two-thirds of its original value and remained 
at that level. In oranges the total pectin rapidly decreased to about one- 
third of its original value in the course of about 24 hours and then remained 


essentially constant. In cucumbers the decrease in pectin was fairly rapid 
and continuous. 


A comparison of the rate of hydrolysis in oranges, grapefruit, and 
lemons indicated that: 
1. The natural pectins hydrolyze more rapidly in orange than in grape- 
fruit. In lemons the decomposition was slowest of the three. 
In all cases, the rate of hydrolysis approached the maximum at the 
end of one day, decreased rapidly during the next two days and then 
gradually diminished. 
The decomposition of pectin in the fruits was accompanied by the 
clarification of their extracts. 
The effect of varying the pH of the extracts from oranges, grapefruit, 
and lemons was shown to be as follows: 
1. The decomposition of pectic substance was found to be faster at pH 
2Z. I. Kertesz (Pectic enzymes IV. Structural considerations in connection with 
the enzymic hydrolysis of pectin. Jour. Am. Chem. Soc. 61: 2544-2548. 1939.) im a 
recently published paper reported also that ‘‘when pectin solutions are enzymatically 
decomposed the viscosity decreases more rapidly than corresponds to the increase in 


reducing power. 
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3.5 for oranges, and at 4.5 for both grapefruit and lemons, than at 
the other pH values tested. 

2. The rate of decomposition at pH 2.5 for all fruits was much slower 
than at higher ranges. 

3. The greatest effect of varying the pH value was observed in the early 
stages of the experiment. 
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MOVEMENT OF ORGANIC SOLUTES IN THE SAUSAGE 
TREE, KIGELIA AFRICANA’ 


HARRY F. CLEMENTS 


(WITH ONE FIGURE ) 


Introduction 


In recent years, considerable emphasis has been placed on the concept 
that organic materials, assumed to be sugar, move en masse with the water in 
which they are dissolved through phloem tissues to points of storage or utili- 
zation. The mass flow hypothesis, as this concept has been labelled, was 
suggested independently by Miincn (9) and Crarts (3) in recent times, 
although Hartig (7) in 1858 and Sacus (10) in 1865, proposed ideas some- 
what similar. No attempt has been made, however, to subject this concept 
to an objective examination. It is the purpose of this paper to study the 
growth and development of the fruits of the sausage tree in light of this con- 
cept and to determine whether or not the hypothesis can explain the move- 
ment as observed in this plant. 


The mass flow concept 


Before presenting the data collected, it is perhaps necessary to re-state 
the mass flow concept. Miincn (9) proposed that the sugar solution moves 


through the sieve tubes of the phloem from the point of source (storage 
organ or photosynthetic tissues) to the point of utilization. Crarts (3) 
broadens the concept of the tissues involved to the whole phloem including 
sieve tubes, companion cells and parenchyma, and further proposes that the 
sugar solution in its movement traverses not only the lumina of the cells but 
the cell walls as well. No data are presented demonstrating either of these 
postulates except observations associated with the exudation of liquid ma- 
terial obtained from the phloem area when this tissue is cut. It has been 
assumed that this exudation represents movement in the mtact plant. 
Coom (2) has shown, however, that the only significance which can be at- 
tached to this exudation phenomenon is that it represents the readjustment 
of tissue tensions following the disruption caused by cutting the phloem 
as well as the associated parenchyma and xylem tissues. The fact that most 
species do not show exudation at all has been claimed by Crarts (4) to be 
due to the inadequate technique of the investigator. He shows that if any 
species is cut and the wounded portion dipped into water, streaming can be 
observed from the exposed surface and he assumes that this is a demonstra- 
tion of streaming in the uninjured plant. Such streaming, however, may 

1 Published by permission of the Director of the Hawaii Agricultural Experiment 
Station as technical paper no. 74. 
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mean one of two other things: (1) that two materials of different specific 
gravities and viscosities have been mixed—the heavier one sinks and because 
of its greater viscosity gives the impression of streaming; (2) that exudation 
from the cut sieve tubes is induced as a result of dipping the exposed tissue 
in water, thereby causing a localized osmotic movement resulting in the dis- 
placement of sieve tube cytoplasm by the absorbed water entering by way 
of the parenchymatous cells associated with the sieve tubes. At any rate, 
the sugar solution is presumed to move through phloem tissue very much as 
the transpiration stream moves through the xylem. 

The second point on which no pertinent data have been presented in- 
volves the concentration of the solution which moves. Although he pre- 
sents no data obtained by chemical analysis showing the amount of sugar 
actually present in the exudate, CRArTs assumes that at least two-thirds of 
the dry material collected in the exudate is sugar, and therefore that the 
phloem sap is at least a 10 per cent. sugar solution. Sacus (10), however, 
in 1865 showed that the dry matter in the sieve tube of cucurbit was largely 
nitrogenous in nature and that only a very small amount of sugar appears 
in the tube. In fact, this led him to propose that sugars did not move in 
the sieve tubes at all and that only nitrogenous compounds move there, 
while sugars moved in the associated parenchyma tissues. Coom (2) re- 
cently completely substantiated these compositional observations. About 
one-third of the dry material of the exudate is simple protein, and sugar 
constitutes about 0.5 per cent. of the fresh weight. 

The third point involves the time in the ontogeny of the phloem element 
at which this movement takes place or at least when it is most active. 
Crarts has shown by means of plasmolysis and dye absorption that as the 
sieve tube ages, it becomes more and more permeable. Whether any signifi- 
cance can be attached to these observations is beside the point. The signifi- 
cant point is that this is taken to mean that the sieve tube is essentially 
passive in the movement of material. Therefore, it seems clear that the old 
sieve tubes should be more effective in transport than the young tubes which 
are thoroughly alive, and therefore far from passive. 

The fourth point of the hypothesis is that once the sugar solution reaches 
the point of storage or utilization, the water passes into the xylem system 
and thus cireulates back through the plant. No data are presented to 
support the assumption that this normally occurs in plants. 

Although there still remains the matter involving the movement of water 
in large quantities from xylem and mesophyll into the phloem, this par- 
ticular point, although again shown clearly in diagrams, has not been 
shown to occur in plant tissues in volume sufficient to account for move- 
ment throughout the phloem. This point, however, is not cogent to this 
paper, and hence will not be pressed here. 
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Thus, briefly, the mass flow hypothesis states that a concentrated sugar 
solution (at least 10 per cent.) moves en masse through passive phloem tis- 
sues and the water, after dropping its sugar, returns by way of the xylem 
tissues. 

Experiment 


The fruits of the sausage tree (Kigelia africana, Bentham) are good 
subjects for this type of research. On each inflorescence, about eight fruits 
form, but abscission claims half of these. Four fruits may remain on a 
single floral stem and develop to maturity. There may be more than a hun- 
dred such clusters on a tree. At maturity, the floral stem may be 150 em. 
long, hanging from the tree (fig. 1) supporting four large fruits, each one 


Fig. 1. The fruits of Kigelia africana showing one cluster of four fruits. 


of which may weigh five pounds or more. To be sure, many of the clusters 


have fewer than four fruits, especially since the tree is very rare in the 


northern hemisphere and souvenir hunters are numerous. 
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On June 9, 1939, the flowers were hand pollinated and on June 18, 1939, 
several clusters were selected for observations. The floral stem of one of 
these clusters was girdled. All the fruits of this cluster stopped growth 
and soon dropped. The usual interpretation would be that by breaking the 
continuity of the phloem food was stopped and hence the fruits dropped. 

Another cluster of fruits was enclosed in a bag made of black paper. 
The object here was to prevent photosynthesis from taking place since the 
fruits are normally green when young. That the treatment was effective 
was indicated by the fact that the enclosed fruits were quite without green 
color. Thus, all of the food which this fruit consumed in growth and 
storage had to move into it via the floral stem. 

Three other clusters were tagged but were without treatment. Two of 
these were interfered with by tourists and were abandoned. 

Beginning June 18, 1939, and continuing at intervals until September 
10, each fruit of each cluster was measured by determining its length and 
circumference. Since the fruits are solid and essentially round in eross- 
section, it is easy to get a fairly accurate measure of the volume. At the 
time each group of measurements was made, a fruit corresponding in size 
to those being measured was selected from the tree, measured, weighed, 
dried and again weighed. In this way, it was possible to determine the 
weight of the experimental cluster after each interval and also to calculate 
therefrom the increase in dry matter for each period. 

Phloem samples from the floral stem were gathered at three intervals. 
The phloem area is very clearly marked and it was easy to remove the xylem 
tissues as well as the tissues external to phloem. Microscopie examination 
revealed that the tissue remaining was phloem only. These samples were 
dried and preserved for sugar analysis. 


Results 


Only the results obtained from the bagged cluster of fruits will be pre- 
sented here. Actually, bagging made no difference in the development of 
the fruit. The unbagged cluster showed no significant difference over the 
bagged fruit. The record of the volume growth of the four fruits which 
were bagged are reported in table IL. 

Each time measurements were made, fruits comparable to those being 
measured were removed, and their volume, green wight, and dry weight 
obtained. From these data, the green weights and dry weights of the 
bagged fruits were calculated. These data are shown in table II. 

Although no one has ever demonstrated the form in which organic 
carbon moves, it has generally been assumed to be sugar. Very probably 
some of the carbon enters a fruit as amino acids, but the total nitrogen con- 
tent of these fruits is 1.41 per cent. of the dry weight. If the carbon asso- 
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TABLE I 


VOLUME RECORD FOR ONE CLUSTER OF FOUR FRUITS 








| JNCREASE OVER INCREASE IN 
DATE OF MEASUREMENT VOLUME TOTAL PREVIOUS VOLUME PER 
| MEASUREMENT | DAY 





: | 
ml. ml, ml, 


June : 619 619 68* 
June 25 2128 1509 215 
July 2 ......... 4573 2444 349 
July f 6346 1772 253 
July pe 7634 1287 214 
July 8450 816 136 
July 29 9355 905 113 
August 9 9716 361 32 
August 20 9871 154 14 
August 29 9948 77 8 
September 10 9979 30 2 


* Calculated from the date of pollination, June 9, 1939. 


ciated with this nitrogen moved as amino acids rather than sugar, the total 
amount of carbon thus moved would still be considerably less than 5.0 per 
cent. of the total carbon required for the fruit. Even though the possibility 
of translocatory compounds other than sugar exists, in this work the as- 
sumption that sugars are the important carbon carriers into these fruits 
will be maintained. 

In order, therefore, to obtain a sugar value for the dry material which 


TABLE II 


GREEN AND DRY WEIGHTS FOR ONE CLUSTER OF FOUR FRUITS 


TOTA 7 DAILY 
GREEN ‘ “ . Toran INCREASE . 
GREEN DRY ; : : INCREASE 
WEIGHT eel ran DRY IN DRY e : 
oun Mul WEIGHT | MATTER wesoee WEIGHT IN DRY 
Speci OF FRUITS ‘ WEIGHT 


gm. gm. % gm. gm. gm. 
June 18, 1939 1.117 692 11. 82.3 9.1 
June 25 1.037 2207 11. 262.8 30.5 25.8 
July 2 0.933 4267 11. 490.7 32.6 
July 9 0.957 6073 11. 686.: 95.6 27.9 
July 15 | 0.957 7305 11.3 825.6 39. 23.2 
July 21 0.957 8086 11. 913.8 88.2 14.7 
July 29 poe 0.913 8541 12. 1033.5 9. 14.9 
August 9 .......... 0.890 8648 14, 1219.3 5.! 16.9 
August 20 8 0.883 8716 15. 342.3 23. 11.2 
August 29 ‘ 0.887 8824 yf 1535.5 93.: 21.5 
September 10 0.879 8771 18.7* 1640.3 4.8 8.7 


* On November 15, 1939, a fruit was taken from the tree. The dry weight had in 
creased only 0.5 per cent. indicating that by September 10, growth was very nearly com- 


pleted. 





eEeEeeeeaaae 


Lit pt 


ible 


694 PLANT PHYSIOLOGY 


moved into the fruit, a total carbon analysis of the fruit was made.* This 
was found to represent 43.46 per cent. of the dry material. In table III, 
the total amount of carbon moving into the fruit each day is reported, and, 
granting that carbon moves into a fruit in the form of sugar, it is simple 
to convert the daily additions of carbon to the fruit into a hexose sugar 
equivalent. These values are also shown in table III. 


TABLE III 


DAILY GAIN IN DRY WEIGHT EXPRESSED AS CARBON AND AS HEXOSE SUGAR 


DAILY GAIN IN DRY WEIGHT EXPRESSED AS 








DATE _ : HEXOSE SUGAR 
CARBON mee : 
EQUIVALENT 

gm. gm. 
June 18, 1939 3.95 9.87 
June 25 11.21 28.03 
July 2 14.17 35.42 
July 9 12.12 30.30 
July 15 10.08 25.20 
July 21 6.39 15.98 
July 29 6.48 16.20 
August 9 7.34 18.35 
August 20 4.87 12.17 
August 29 9.34 23.35 


September 10 3.80 9.50 

Thus, the figures given in the ‘‘hexose sugar’’ column represent the 
amount of sugar which each day moves into the fruit by way of the long 
floral stem. To this should be added the amount of sugar which is respired 
each day. Respiration measurements were not made during these studies, 
but a value could be arrived at from some similar types of fruits. On the 
basis of such calculations between two and three grams of sugar are respired 
each day. But since such values represent about 10 per cent. of the sugar 
moving into these fruits, the sugars used in the respiratory activity are 
ignored in this study. It is reasonable to assume, however, that respiration 
per unit volume is much higher in the voung fruits than in the old fruits. 

In summarizing this phase of the study, it is clear that by far the greatest 
increase in fruit volume is accomplished during the first five weeks, for it is 
during this period that the largest daily increments are observed. During 
this same period the daily increments of dry material are higher than those 
observed after the floral stem is more mature. During this early period, the 
tissues of the floral stem are voung; in fact, the long stem (145 em.), which 
for the most part is really a single internode, is still elongating. One would 
expect the metabolic rate of this tissue to be considerably higher than that 

2 The author is indebted to Mrs. RutH YosuHipa of the Soils Division for this deter- 
mination, 
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during the later two-month period. Hence, it appears that the greatest 
deposition of carbohydrate material in the fruit occurs during the time when 
the phloem elements of the floral stem are young. This relationship is prob- 
ably less coincidental than it is causal. 

The next phase of this study involves a determination of the strength of 
the sugar solution which obtains in the phloem of the floral stem at the time 
of fruit development and, since the total amount of sugar necessary to pro- 
vide the dry material actually observed moving into the fruits each day is 
known, it becomes a simple matter to determine the total volume of solution 
which would be required to move the sugar into the fruit were the mass flow 
hypothesis the correct interpretation of the mechanism involved. 

On July 9 and again on July 15, during the peak of the fruit growth, and 
finally on September 10, phloem samples were taken from the floral stem by 
removing xylem tissues as well as the outer paranchymatous tissues. This 
separation was made easy by a ring of fiber groups just outside the phloem 
region. Microscopic examination showed the sample to be made up of phloem 
only. Stained preparations showed a large number of sieve tubes and com- 

















panion cells, some sclerenchyma and a large amount of parenchyma. Miero- 
chemical tests for reducing sugars as well as sucrose revealed moderate con- 
centrations in the inner phloem and somewhat lighter concentrations in the 







older phloem. 

The tissue was dried, and analyzed for reducing sugars and total sugars. 
The results of this study are reported in table IV. 

In the last column of table IV, the amount of sugar in 100 gem. of fresh 
material is caleulated in terms of percentage solutions. Since it is assumed 


TABLE IV 


SUGAR CONTENT OF THE PHLOEM 










TISSU! 





REDUCING SUGARS 







Dry | REepucING AMOUNT OF 
DATE OF COLLECTION | aap SUGARS AS SUGAR PER | PERCENTAGE 
PERCENTAGE 100 em. SOLUTION 








DRY WT. FRESH WT. 









ord 
4c gm. /o 







July 9, 1939 11.3 5.28 0.597 0.672 
July 15 11.6 4.35 0.505 0.571 
September 10 24.4 1.73 0.422 0.558 













TOTAL SUGARS 









July 9, 1939 11.3 14.00 1.582 1.78 
July 15 11.6 13.11 1.521 1.71 
September 10 24.4 11.38 2.777 3.67 







to Mr. Bruce Cooi. for these determinations. 





* The author is indebted 
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by Crarts that the whole phloem area is involved in transport then presum- 
ably all the water in the phloem is mobile. Hence, the sugar present must be 
expressed on a solution basis. Reducing sugars which probably are the most 
important in transport are present in low concentrations. The reducing 
sugar values obtained here average 0.62 per cent. and correspond closely to 
the values obtained by Coom (2) for the exudate of cucurbits but are vastly 
different from the 10 per cent. assumed by Crarts. 

Now, it is hardly likely that the parenchyma of the phloem is even frac- 
tionally as active in translocation as the sieve tube, if at all. According to 
Coo, the petiole tissues of a carbohydrate-high plant are found to be very 
high in sugar while in a nitrogen-high plant, the tissue sugars are low. Yet, 
the amount of sugar in the exudate of the phloem is about the same. This 
probably means that the sugar in the parenchyma is storage material. Su- 
erose is probably more of a storage sugar than a translocatory sugar. Despite 
these considerations, however, to give the benefit of all doubts to a favorable 
interpretation of the mass flow hypothesis, the amount of water required to 
move the sugar into the fruit during each day is calculated on the basis of 
the reducing sugar as well as the total sugar concentrations. The sugar 
values for the collections July 9 and 15 serve as the basis for these caleula- 
tions, since these represent the period of maximum deposition in the fruit. 
Unfortunately, a collection of phloem tissue was not made on July 2. 


TABLE V 
AMOUNT OF SOLUTION NECESSARY TO TRANSPORT THE REQUISITE AMOUNT OF 
SUGAR INTO THE FRUITS PER DAY 


GRAMS OF SOLUTION 


DaTE 0.62 PER CENT. 1.75 PER CENT. 
SOLUTION SOLUTION 
gm. gm. 
June 18, 1939 1592 564 
June 25 4521 1602 
July 2 5713 2024 
July 9 4887 1731 
July 15 1064 1440 
July 21 2577 913 
July 29 2613 926 
August 9 2960 1049 
August 20 1963 695 
August 29 3766 133 
September 10 1532 543 


It is, therefore, apparent (table V) that, during the time of maximum 
fruit development, enormous quantities of solution (5.7 liters of a 0.62 per 
cent. solution or 2.0 liters of a 1.75 per cent. solution) would have to be 
forced through the phloem each day. The cross-sectional area of the phloem 
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tissue was only 0.53 em.*, and the floral stem was 145 em. long, not including 
the 15 em. length of stem which connected the main floral branch to each 
individual fruit. In table VI, the amount of water required to move the 
necessary amount of sugar into the fruits is put on the basis of 1 em.? of 
phloem cross-sectional area. 


TABLE VI 
RATE OF SOLUTION MOVEMENT REQUIRED PER SQ. CM. OF PHLOEM AREA 


RATE OF SOLUTION MOVEMENT 
| 


AS 0.62 PER CENT. SOLUTION AS 1.75 PER CENT. SOLUTION 


PER DAY PER HOUR PER DAY PER HOUR 


gm. gm. gm. gm, 
June 18, 1939 3009 125 1066 44 


June 25 8545 356 3028 126 


July 2 10797 449 3825 159 
July 9 9236 384 3272 136 


July 15 7681 320 2722 113 


July 21 487] 203 726 71 
July 29 4939 205 1750 72 
August 9 5594 233 1983 82 
August 20 3710 154 1314 54 
August 29 7117 296 2521 105 
September 10 2895 120 1026 42 


Thus, depending upon the strength of the sugar solution, the rate of solu- 
tion movement at the peak of fruit development would have to be 159.4 or 
449.1 om. of solution per em.” of phloem per hour. Now Drxon (5) in his 
studies of water transport in xylem tissues finds that a movement of 1.93 
grams of H,O per em.’ of xylem per hour was sufficient to account for the 
speeds of water transport in Tarus. Farmer (6) reports that the xylem of 
certain angiospermous trees delivers 20 ml. of water per hour per unit of 
cross-sectional area. It is hardly reasonable to believe that water movement 
in the phloem is many times faster than in xylem systems. 

One further point remains to be shown. In table V is shown the daily 
amount of water necessary to move the requisite amounts of sugar into the 
fruit. It is necessary to follow this water and determine its ultimate disposi- 
tion. Each day, according to the mass flow hypothesis, a certain volume of 
water moves through the floral stem into the fruits. Here the sugar is re- 
moved from the solution, and the water is then eliminated from the fruit to 
make room for more. According to the hypothesis, this water returns by way 
of xvlem tissue. Some of the water, however, would remain to make up the 
daily volume increase and of course some is lost in transpiration. The 
amount lost in transpiration is small, since the fruits hang in the shade of the 


tree. According to measurements, transpiration accounts for less than 20 
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gm. per day per fruit and, in view of the large amount of water involved, 
ean be ignored. The increases in volume are taken into account in table VII. 


TABLE VII 


AMOUNTS OF WATER RETURNING FROM FRUIT 








AMOUNTS OF H,O MOVED 





INTO FRUIT EACH DAY,— VOLUME AMOUNT OF H.O WHICH 
DATE CALCULATED AS snCREASS MUST RETURN VIA XYLEM 
— ——— EACH DAY 


A 1.75 SOL. 


| A 0.62 sox. 





Column Column 


| gm. gm. ml, 1 minus 3 | 2 minus 3 
June 18, 1939 1592 564 69 1523 495 
June 25 4521 1602 216 4305 1386 
July 2 5713 2024 349 5364 1675 
July 9 4887 1731 253 4634 1478 
July 15 4064 1440 215 3849 1225 
July 21 2577 913 136 2441 777 
July 29 2613 926 113 2500 813 
August 9 2960 1049 33 2927 1016 
August 20 1963 695 14 1949 681 
August 29 3766 1334 9 3757 1325 
September 10 1532 543 3 1529 540 


Thus, if the solution moves into the fruit as a 0.62 per cent. solution, 5.4 
liters of water would have to return via xylem tissues each day (week ending 
July 2). If the solution were a 1.75 per cent. solution then 1.7 liters would 
have to return. Even the smaller figure involves an hourly average of 69.8 
ml. The larger value would involve a backward movement of 223.5 ml. per 
hour. To test this point, a cluster of fruits was selected on July 9. A longi- 
tudinal cut was made through the bark of the floral stem, the xylem was 
carefully loosened, then cut, and the fruit end of the cut xvlem was led out 
through the incision. 

Thus, with the phloem intact, the water returning through the xvlem 
should be intercepted at this point, and with such amounts as 69.8 ml. or 
223.5 ml. per hour, the water should literally spout out especially since the 
radius of the xylem is about 1 mm. But after waiting three hours during 
late morning, with no sign of water coming out of the cut xylem, this project 
was discontinued. 

At this point it is well to compare the findings of this paper with the 
assumptions underlying the mass flow hypothesis. The assumption that 
sugars move in a solution involves the movement of such tremendous quan- 
tities of water through poorly adapted tissues that it is inconceivable that 
any protoplasm no matter how permeable or passive could remain in the sieve 
tubes and other cells of the phloem. The necessary rates of movement are 
many times greater than have been observed in xylem tissues. 
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The assumption that the protoplasm of the conducting tissues is passive is 
not based on fact. In these studies there is a much greater movement of 
sugar during the early stages of floral stem development than there is later 
on. At this stage the tissues are young and certainly more active metabol- 
ically than later on. If the movement of sugar were correlated with pas- 
sivity of protoplasm, it should oceur late, and yet such is not the ease. 

The assumption that sugar in the phloem tissue exists as a 10 per cent. 
solution is a gross exaggeration; for the exudate of cucurbits as well as the 
phloem tissue of the sausage tree, the value is less than one per cent. 

The assumption that the water which carries the sugar into the fruit 
returns by way of the xylem could not be verified in these studies. 

Thus, it would appear that the mass flow hypothesis is hopelessly inade- 
quate in accounting for the growth and development of the fruits of Kigelia 
africana. 


On the other hand, it is much simpler to conceive of the sugar moving in 
solution but independently of the more or less static solvent. That this move- 
ment is associated with the activity of protoplasm is indicated by the fact 
that the greater part of the growth and development of the fruit takes place 
while the sieve tubes are young and at a higher metabolic level than later on. 
The amounts of sugar moving are so great that it seems that the living pro- 
toplasm expends energy in aiding the translocation of sugars (1, 8). 


Summary 


1. The growth of the fruits of Kigelia africana was followed from the 
day of pollination until maturity to determine the required rate of sugar 
movement into them. 

2. An attempt was then made to explain this movement on the assump- 
tions of the mass flow hypothesis. 

3. The hypothesis was found to be inadequate in the following par- 
ticulars : 

a. Although a passive sieve tube cytoplasm is necessary to the hypoth- 
esis, the greatest movement of materials into the fruit was observed dur- 
ing the first five weeks of development. 

b. Although the strength of the moving sugar solution has been 
assumed to be at least a 10 per cent. solution, in these studies the phloem 
tissue has a reducing sugar level of 0.62 per cent. and a total sugar level 
of 1.75 per cent. 

c. No evidence could be obtained relating to the return of water from 
the fruit through xylem tissue even though enough time was allowed for 
the theoretical return of as much as 209 to 670 ml. 

d. On the basis of the sugar content of the phloem tissue, to account 
for the observed movement of sugar into the fruit, such enormous quan- 
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tities of solution (10,797 ml. of a 0.62 per cent. or 3825 ml. of a 1.75 per 
cent. per day per cm.” of phloem cross-sectional area) would have to move 
that it is inconceivable that any cytoplasmic organization would remain 
within the phloem tissue. In fact, the necessary speed of solution deliv- 
ery into the fruit would be many times the capacity of xylem tissues. 

4. The observed movement of sugar into the fruit is so great that it seems 


necessary to describe it as a function of the living protoplasm of the sieve 
tube which through its respiratory activity does work in the movement. 


og 


9. 


10. 
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DETERMINATION OF AMMONIA, GLUTAMINE, AND ASPARA- 
GINE AMIDE NITROGEN IN PLANT JUICE? 


FRANK 8S. SCHLENKER 


(WITH ONE FIGURE) 


The most generally used method for the determination of preformed 
ammonia in plant material is the aspiration of a sample with Ca(OH)., 
MgO, or 52 per cent. K.CO,. This technique was shown to include other 
than preformed ammonia nitrogen (4) for, with prolonged aeration, there 
was a continual evolution of ammonia, owing to the presence of unstable 
nitrogen compounds. PucHeEr (3) reported that this was caused by the 
presence of amides. 

This error was obviated in plant juice by the removal of ammonia by 
permutit, washing free from excess juice, treating with NaOH, and aspi- 
rating in the Van Slyke-Cullen ammonia apparatus. 

CHIBNALL and WesTALL (1) and Vickery, et al. (5), have shown that it is 
possible to determine glutamine and asparagine amide nitrogen in a mixture 
of the two amides by choosing the proper conditions for hydrolysis. In an 
attempt to collect a number of methods into a system for the analysis of 
plant juice it was thought worth-while to study the adsorption of amides by 
permutit, and to reinvestigate the use of permutit for the determination of 
ammonia. 


Determination of ammonia 


The action of 52 per cent. K,CO, on plant juice under continued aeration 
causes a breakdown of the amides present. A typical curve for this, using 
beet juice, is shown in figure 1 (curve D), the break coming at the end of 
two hours. 

An attempt was made to simulate this curve with a synthetic solution 
of the following composition: 0.0812 mg. NH.—N, 1.5 mg. asparagine 
amide—N, 0.959 mg. glutamine amide—N and 1 ml. buffer? per 5-ml. sample. 
In figure 1, each curve, excepting curve D, represents the effect of aerating 
this mixture or variations of it, lacking glutamine or asparagine or both, 
with 10 ml. of 52 per cent. K.CO, for varying periods. A study of these 

1 Published by permission of the Director as Contribution No. 563 of the Rhode 
Island Agricultural Experiment Station. 

2 Modified buffer (2) 


7 parts 0.1 N KH,PO, )} 
1 part 0.1 N K.HPO, { 
M/3 sodium malate 2.17 ml. 


2.74 ml. 


Glucose 1.00 gr. 
Water dilute to 15.0 ml. 
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curves indicates, as might be expected, that the break occurs when ammonia 
nitrogen has been completely removed, that is, after approximately two 
hours (curve A). From curve B, it is evident that the hydrolysis of aspara- 
gine is slight, hence the large amount of ammonia given off as shown in curve 
C must come from glutamine. The rate of hydrolysis of the amides at the 
time of complete ammonia nitrogen removal can be obtained from a con- 
sideration of the curves at the two-hour period. 


Curve A Ammonia 0.0812 mg. Ammonia—N 
Curve B Ammonia and asparagine 0.0829 mg. Ammonia—N 
Curve C Ammonia, asparagine, and glutamine 0.1012 mg. Ammonia—N 


Using these figures it can be calculated from curve C that the total 
amount of ammonia-nitrogen evolved at the end of two hours is due to 0.0812 
mg. NH;—N, 0.0183 mg. glutamine amide nitrogen, and 0.0017 mg. aspara- 
gine amide nitrogen. The rate of glutamine hydrolysis for this time in- 
terval is approximately ten times that of asparagine. 


PERMUTIT METHOD FOR AMMONIA DETERMINATION 


Sodium permutit is the usual reagent used for the estimation of am- 














Fic. 1. Curve A, 0.0812 mg. NI 
Curve B, 0.0812 mg. NH,-N+1.5 mg. asparagine amide nitrogen. 
Curve C, 0.0812 mg. NH,-N+1.5 mg. asparagine amide nitrogen + 0.959 
mg. glutamine amide nitrogen. 
Curve D, beet leaf juice. 


monia. Various other permutits were prepared and studied (table I). 
These results fall in line with the lyotropic series, sodium being the ion 
most easily substituted, excepting lithium which was not studied. Here 
hydrogen permutit is somewhat out of place as it is usually the most difficult 
ion to displace. Sodium permutit appears to be the desirable form to use. 
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TABLE I 


RECOVERY OF AMMONIA FROM WATER SOLUTION BY DIFFERENT PERMUTITS 














PERCENTAGE RECOVERY 


PERMUTIT e 
or 0.0812 mG. AMMONIA—N 


Na 99.0 
Ca 92.0 
H 90.0 
Mg 83.7 








In view of WuITEHORN’s conclusions (6) that permutit adsorbs amines 
and amino acids, a number of tests was made to determine the adsorption 
of glutamine and asparagine by permutit. A synthetic glutamine solution, 
several portions of which were adjusted to different pH values, containing 
1 ml. of the previously described buffer solution and 0.959 mg. of glutamine 
amide nitrogen per 3 ml. were shaken with 2.5 ml. permutit for 2.5 min., 
the permutit was then washed and aspirated in presence of NaOH (table IT). 


TABLE II 


NITROGEN ADSORBED FROM GLUTAMINE SOLUTIONS CONTAINING 0.959 MG. GLUTAMINE 
AMIDE N BY PERMUTIT CALCULATED AS PERCENTAGE OF AMIDE NITROGEN 





SOLUTION 


4 


pH of the solution 6.3 6.00 | 5. 5.50 | 5.04 | 4.62 3.15 
| 


Percentage nitrogen adsorbed 1.1 0.8 5 


Similar mixtures were prepared, using asparagine, and adsorption 
studies were made under conditions like those for glutamine (table IIT). 


TABLE III 


AMMONIA NITROGEN ADSORBED FROM ASPARAGINE SOLUTIONS BY PERMUTIT, CALCULATED AS 
PERCENTAGE OF AMIDE NITROGEN 


ASPARAGINE PH PH PH PH 
AMIDE NITROGEN 8.2% 7.17 | 6.50 | 6.44 | 5.91 | 5.49 
mg. 4 J Qq % % 
0.0382 0.79 | 0.79 

0.0955 0.00 0.31 0.00 

0.1910 4.20 | 0.63 | 0.37 Od 
0.3820 0.00 
0.5730 0.98 | 0.98 0.26 

0.9050 0.39 | 0.38 | 0.34 

1.9100 38 0.60 
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The results of a single experiment at one concentration of glutamine gives 
evidence of glutamine adsorption which appears, with the exception of two 
pH values, to be constant over the pH range used. A more detailed study 
of the adsorption of asparagine indicates that the least amount of adsorption 
takes place at pH 6.50. 

The results with pure solutions show that, in the presence of these two 
amides, the permutit method for ammonia should give slightly high results. 
For example, synthetic solutions, containing varying amounts of buffer, 
ammonia, and asparagine were shaken with 2.5 or 0.5 ml. of permutit for 
2.5 min., washed free of excess sample, and then aspirated. In most cases 
recoveries of ammonia somewhat higher than theoretical were obtained. 
Although no attempt was made to recover ammonia in the presence of 
glutamine it is quite obvious that, in view of the results presented in table 
II, such experiments would give results slightly higher than theoretical. 

The low values obtained in the fifth and sixth columns, table IV, may 


TABLE IV 


RECOVERY OF AMMONIA IN PRESENCE OF ASPARAGINE 





PERCENTAGE NH,—N RECOVERED 


7 * | > Ip Ppp Pot 
BUFFER | ASPARAGINE PERMUTI1 0.0406 mo. 0.0812 wa. 0.2030 Ma. 


NH,—N AppED , NH,—N appED | NH,—N AppEpD 


ml mg. ml % % % 
1 0.382 2.5 101 103 103 
1 0.382 0.5 103 101 106 
2 0.764 2.5 104 103 103 
2 0.764 0.5 103 98 96 
3 | 1.146 2.5 104 100 95 
3 1.146 0.5 103 92 94 


| 
| 





* See footnote 2, p. 701. 


be explained by the fact that amounts of permutit used, 2.5 and 0.5 ml., 
represent a total of only 2.5° and 0.51 milliequivalents of exchange surface, 
respectively. It seems likely that with an increasing salt concentration, but 
with a constant amount of exchange surface, the adsorption of ammonia 
decreases under these conditions. 


Determination of glutamine and asparagine 


To determine glutamine, a juice sample obtained from leaf tissue frozen 
with CO,, is hydrolyzed for two hours at pH 6.00 to 6.50, while for total 
amides a three-hour period in 1 N H,SO, is used. Both reactions are carried 
out in a boiling water bath. Because of the high acid medium of the total 

3 The permutit used in this work has a total exchange capacity of 230 m.e. per 100 
grams and 2.5 ml. of it weighs approximately one gram. 
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amide determination, it is necessary that proteins be removed from juice 
samples, otherwise there is a liberation of ammonia from the juice proteins 
during the period of hydrolysis. The conditions for glutamine hydrolysis 
are not sufficiently severe to cause juice protein to hydrolyze, at least with 
the material studied here. Table V shows both amides as determined in 


TABLE V 


EFFECT OF FREEZING WITH SOLID CO, ON GLUTAMINE AND ASPARAGINE DETERMINATIONS 








TOMATO LEAF JUICE 





FREEZING TIME -— 


| 


GLUTAMINE AMIDE—N ASPARAGINE AMIDE—N 





Min. mg./ml. mg./ml. 

3. an 0.025 0.063 
10 ... singin 4 0.025 0.033 
20 : 0.024 0.021 
36 .. 0.024 0.023 
90 .. sdaalasetcohe 0.025 0.023 
120 .... eae 0.026 0.020 
150 ... nua 0.025 0.021 





juice expressed directly from tomato leaves. The decrease in the asparagine 
nitrogen figure is perhaps to be attributed to the precipitation, at an ex- 
tremely low temperature, of a hydrolyzable protein fraction. 

Three methods of precipitating the juice protein fraction were tried: 
namely, heating at 70° C., Folin’s sodium tungstate reagents, and 10 per 
cent. tannie acid. The values in table VI indicate that any one of the 


TABLE VI 


ASPARAGINE AND GLUTAMINE AMIDE NITROGEN IN PROTEIN-FREE JUICE* 


ee - 10 PER CENT. SopiuM 
HEATED To 70 eawwic acta! TUNGET Aas 
SAMPLE NNIC ACID} TUNGSTATES 
GLUTAMINE} ASPARAGINE | GLUTAMINE | ASPARAGINE | GLUTAMINE | ASPARAGINE 
mg./ml. mg./ml, mg./ml, mg./ml. mg./ml, mg./ml, 
0.0344 0.0080 0.0375 0.0268 t 0.0325 0.0096 
0.0367 0.0045 0.0399 0.0065 0.0340 0.0066 





* Preformed ammonia was removed by shaking with permutit in all determinations. 

t Incomplete precipitation of proteins. 

mm. 10 per cent tannic acid, 5 ml. per 10 ml. juice. 

§ Sodium tungstate 10 per cent., 1+ 1 with 0.662 N H.SO,, 5 ml. per 10 ml. juice. 
methods, when properly used, gives results comparable to the other two; 
however, heat precipitation of protein is by far the most convenient. Tannic 
acid is satisfactory except that it contains ammonia which is imparted to 
the solution when the reagent is used in excess. Unless this added ammonia 
is removed the results for amides are higher than their true values. 
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The determination of ammonia in juice clarified by the three methods 
shown in table VI (each reagent added in excess) compared to untreated 
juice is as follows: 96.1 per cent., 113.6 per cent., and 98.8 per cent., respec- 
tively, showing a slight adsorbing effect of heat-coagulated protein and 
tungstate precipitate, as well as the influence of excess tannie acid on the 
ammonia content of juice after treatment. Owing to this loss of ammonia 
by adsorption on heat-coagulated protein it is necessary to remove the total 
amount of preformed ammonia nitrogen prior to the amide determination. 
In some instances the heat treatment is insufficient to remove all protein, 
for it has been observed that in the total amide determination a coagulum 
sometimes appears, for example with spinach juice. This can be avoided 
by adding one drop of 85 per cent. H,PO, to the juice before heating it to 
70° C. 

Experiments made by adding glutamine and asparagine to tomato leaf 
juice show adequate recovery of these amide forms of nitrogen (table VII). 


TABLE VII 


RECOVERY OF GLUTAMINE AND ASPARAGINE AMIDE NITROGEN ADDED TO TOMATO LEAF JUICE 














GLUTAMINE ASPARAGINE 
ADDED RECOVERED ADDED RECOVERED 
mg./ml, mg./ml. mg./ml, mg./ml. 
0.0415 0.0400 0.0350 0.0380 
0.0831 0.0760 0.0700 0.0720 


0.1995 0.2010 


0.1400 0.1290 





Recommended methods of analysis 


The plant sample is cut into small sections, placed in a cheesecloth bag, 
and frozen by a direct stream of solid CO, as it is formed at the end of a 
coil of tubing attached to a tank of liquid CO,. After the excess CO, has 
evaporated from the frozen tissue the sample is pressed, and the juice 
obtained. 


AMMONIA 


To 2.5 ml. of sodium permutit in an ammonia aspiration tube, add an 
aliquot of the juice sample, (1 to 5 ml.) shake for 2.5 min. and then wash free 
from excess juice, thus eliminating asparagine and glutamine. The tubes 
are placed in the Van Slvke-Cullen aspiration block and 3 to 4 ml. water, 
and two drops of caprylice alcohol (an antifoam reagent) and 3 ml. 10 per 
eent. NaOH are added. The apparatus is connected in the usual manner 
and aspirated for two hours. The ammonia is caught in 0.01 N acid and 


determined either by Nesslerization or titration, preferably by Nessleri- 
zation. 
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GLUTAMINE AND ASPARAGINE 

Place 10 ml. of juice in a centrifuge tube, add one drop of 85 per cent. 
H,PO, (if necessary) heat to 70° C., cool, and centrifuge. Shake a portion 
of clear supernatant liquid with 2.5 ml. of permutit to remove preformed 
ammonia. Pipette 1 ml. of the ammonia-free juice into an ammonia tube 
containing 10 ml. of a phosphate buffer* at pH 6.40 and hydrolyze in a 
boiling water bath for two hours. Cool, place in aspiration block, add 2 to 
3 drops of ecaprylie aleohol and 2 ml. of 52 per cent. K.CO;, aspirate two 
hours, and determine ammonia from glutamine by Nesslerization. Although 
aspiration with K,CO, causes the hydrolysis of a small quantity of aspara- 
gine, the error involved is probably not much greater at this point than it 
would be if permutit were used to remove the hydrolyzed glutamine am- 
monia from the buffer mixture containing unhydrolyzed asparagine. Thus, 
to simplify the procedure, no attempt is made to remove the ammonia com- 
ing from glutamine by the use of permutit. One ml. of the ammonia-free 
sample is placed in another ammonia aspiration tube containing 1 ml. 6 N 
H.SO, and 4 ml. water. This is hydrolyzed three hours in a boiling water 
bath, and cooled. Treat with sufficient 10 per cent. NaOH to make alkaline 
to phenolphthalein and total amide nitrogen is determined. Total amide 
nitrogen minus glutamine nitrogen gives asparagine amide nitrogen, on the 
assumption that these are the only amides present. 


Discussion 

The results in tables II and III showing the adsorption of small amounts 
of ammonia from glutamine and asparagine solutions by permutit, may be 
explained by the adsorption of the entire amide molecule with subsequent 
hydrolysis of the amide nitrogen under the alkaline conditions of the am- 
monia determination during aspiration, or by the adsorption of ammonia 
coming from the hydrolysis of the amides in solution. Experiments to test 
the first possibility, involving the determination of amino nitrogen in an 
asparagine solution before and after treatment with permutit were incon- 
elusive because of the small amounts of amino nitrogen present. 

WuireHorn (6) has shown that such amides as urea and its derivatives, 
certain amino acids, and glutamic acid hydrochloride are not adsorbed by 
permutit; in fact, his data indicate that only relatively strong bases are 
removed from solution. 

Thus by accepting the indirect evidence that amide molecules are not 
adsorbed by permutit, the second supposition proposed above points towards 
the actual conditions, that is, the ammonia adsorbed by permutit when 
shaken with an asparagine or glutamic solution comes from the hydrolysis 
of the acid amide group and there is evidence to show that these amides do 
hydrolyze in solution. 

450 ml. M/5 KH.PO,, 12.60 ml. M/5 NaOH, dilute to 200 ml. 
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If a freshly prepared glutamine solution is tested for the presence of 
ammonia no color appears when the Nessler reagent is added. One stand- 
ing, however, even at room temperature, hydrolysis takes place and finally 
a strong Nessler reaction becomes evident. An asparagine solution will react 
in a similar manner, but more slowly, for even after two days the color 
reaction, though positive, is faint. 

The high results for the ammonia determinations as shown in table IV, 
which can be considered as an error, and likewise would be expected to pro- 
duce low results in the determination of the amides, may be no error at all. 
This can be illustrated as follows: In a plant system consisting of amides 
(A) and preformed ammonia (B) the conditions might be— 

A — R-CONH, + 2H,0 @ R-COOH + NH,OH = NH? + OH- 
B- NH,OH @ NH*, + OH- 

Thus, the ammonia derived from reaction A is adsorbed by permutit (as 
is the free ammonia from other sources) and it can be considered accord- 
ingly, as preformed ammonia. In this system the amide nitrogen, deter- 
mined by the methods presented here, would be less than that represented 
by the unhydrolyzed amide of A. This, however, would not necessarily be 
in error for, as is pointed out, this ammonia-nitrogen is considered as pre- 
formed ammonia, not as amide nitrogen. This is, of course, based on the 
assumption that the time of shaking plant juice with permutit, 2.5 min., is 
not long enough to shift the amide nitrogen-ammonia nitrogen equilibrium 
to the right to any great extent. 


Conclusions 


1. Sodium permutit under proper conditions is capable of removing 
quantitatively the preformed ammonia of plant juice. 

2. Glutamine amide nitrogen can be determined in the presence of 
asparagine amide nitrogen by the use of proper conditions for hydrolysis. 

3. Asparagine amide nitrogen can be estimated as the difference between 
total amide nitrogen and glutamine amide nitrogen. 

4. Methods are proposed for these determinations. 


The writer wishes to express his appreciation to Dr. H. B. Vickery for 
the glutamine used in this study. 


RuHopeE ISLAND AGRICULTURAL EXPERIMENT STATION, 
KINGSTON, RHODE ISLAND 


LITERATURE CITED 


1. CHrpnauy, A. C., and WestaLtn, R. G. The estimation of glutamine in 
he presence of asparagine. Biochem. Jour. 26: 122-132. 1932. 
2. Hurp-Karrer, A. Titration curves of etiolated and of green wheat seed- 











SCHLENKER: DETERMINATION OF NITROGEN FRACTION 709 


lings reproduced with buffer mixtures. Plant Physiol. 5: 307-328. 
1930. 

Pucuer, G. W. Reported at meeting of New England Section of Amer- 
ican Society of Plant Physiologists, Amherst, Mass. May 25-26, 
1934. 

ScHLENKER, F. 8. Comparison of existing methods for the determina- 
tion of ammonia nitrogen and their adaptability to plant juices. 
Plant Physiol. 7: 685-695. 1932. 

Vickery, H. B., Pucuer, G. W., Cuark, H. E., Curpnaun, A. C., and 
Westati, R. G. The determination of glutamine in the presence 
of asparagine. Biochem. Jour. 29: 2710-2720. 1935. 

WHuitTEeHorN, J. ‘‘Permutit’’ as a reagent for amines. Jour. Biol. 
Chem. 56: 751-764. 1923. 












SOME CHEMICAL AND RESPIRATIONAL CHANGES IN THE 
PAPAYA FRUIT DURING RIPENING, AND THE EFFECTS 
OF COLD STORAGE ON THESE CHANGES' 


WINSTON W. JONES AND HISASHI KUBOTA 


(WITH THREE FIGURES) 


Papaya (Carica papaya) is a plant long established in Hawaii, having 
been brought to the Islands before 1823. It has been under study by the 
Hawaii Agricultural Experiment Station since 1902, but most of the investi- 
gations have been on cultural requirements and selection. The rapid rise in 
commercial importance of the fruit in recent years makes it necessary to 
know something of the changes occurring in the fruit during ripening, as a 
basis for harvesting, storage, and shipment. 


Review of literature 

THoMPsON (13) gives some of the early analyses of the papaya and shows 
that in the ripe fruit there is very little sucrose but a high percentage of 
reducing sugars. Her study was of several different strains, namely: 
Trinidad, South African, Honolulu, Barbados, Panama, and Tahiti, These 
strains have since lost their identity, however, and have been known at the 
station by their accession numbers. Pope (6), in a study of changes occur- 
ring during ripening, found very little sucrose in any case but a marked 
inerease in reducing sugars during ripening. He does not state the strain 
with which he worked. Muinuer (4) gives the composition and some of the 
uses of the papaya. WaArpDLAw (14) has shown that at the beginning of rip- 
ening (i.e., the beginning of the development of the yellow color) there is a 
marked inerease in the production of carbon dioxide, which reaches a high 
point (climacteric peak) at the time of full ripeness. After this peak, there 
is a decrease in carbon dioxide evolution. He further shows that the carbon 
dioxide content of the fruit cavity increases with maturity. Wiucox (15) 
found that the papaya can be held in cold storage at 32° to 34° F. (0 to 1.5° 
C.) for 45 days, but the fruit is subject to decay. Jones (1) has shown that 
papayas can be held at 32° to 34° F. for at least 12 days if the fruit is ripe 
when placed in storage. The ripening process is apparently permanently 
stopped in unripe fruit held at this temperature. 


Materials and methods 


The fruits used in this investigation were all of the type IV (10, 11) Solo 
strain, and were grown in the Station’s experimental plots at Kailua, Oahu. 


1 Published with the approval of the Director, Hawaii Agricultural Experiment Sta- 
tion as technical paper no. 57. 
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The fruits were harvested as needed. Owing to the nature of growth of the 
papaya, it is difficult to obtain a representative composite sample. In a few 
cases, a sample of three fruits was used but in most cases means of analyses 
of similar individual fruits were used. 

Methods of analysis were standard: Sugars were determined by the 
method of Stites, Pererson, and F'rep (9) ; nitrogen, by the reduced iron 
method of PucHEr, LEAVENWorRTH, and Vickery (8), adapted to the Micro- 
Kjeldahl method described by Preeti (7) ; and carbon dioxide by the method 
of THomas (12) and MircHe.u (5). 


Presentation of data 
NORMAL RIPENING PROCESS 


From the time of the beginning of ripening in the fruit until full 
ripeness is attained, the process is continuous. The first noticeable change 
is the development of yellow color in the funiculus. The color then 
spreads outward, and full ripeness is attained when the outer surface 
is completely yellow. Accompanying the change in color, the physical 
characteristics of the flesh change from very tough and rubbery to very 
soft and erushable. 

The data presented in table I show the differences in concentration 
of sugars and other constituents of papaya harvested at three stages of 
maturity. 
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Fic. 1. Respiration of papaya fruit during ripening at approximately 25° C, 
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Figure 1 shows the carbon dioxide given off by fruit harvested mature- 
green and allowed to ripen at room temperature. Figure 2 shows the 
percentage of carbon dioxide and oxygen contained in the cavities of fruits 
harvested at different stages of maturity. 
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Fig. 2. Carbon dioxide and oxygen content of the gas in the internal cavity of the 
papaya at different stages of maturity. 


CHEMICAL CHANGES OCCURRING DURING RIPENING 

From table I it may be seen that during the ripening process a change 
occurs in the relationship between sucrose and reducing sugars. In the 
green fruit, 42 per cent. of the total sugar occurs as sucrose, while in 
the ripe fruit only 18 per cent. of the total sugar occurs as sucrose. The 
acid-hydrolyzable material drops from 9.33 per cent. of the total dry weight 
in the green fruit to 4.36 per cent. in the ripe fruit. As there is no starch 
present in the fruit, this decrease represents a change in cell-wall constit- 
uents, and accounts, at least in part, for the change in consistency of the 
flesh during ripening. There is apparently no significant change in the 
nitrogen content during ripening. 
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TABLE I 


COMPOSITION* OF PAPAYA FRUIT AT DIFFERENT STAGES OF MATURITY 





| 
| 
il 





fe = 

e = "oe 

w Z fs] a 2 a2 a ae 

3 > t ao D is os SNS 

MATURITY HO | Be Swe 4 ae | 2S | 88 sk Se 

| PS | Ba = << R= os Sn iQue 

| Ba | Bos S es Be De Se iseg 

i) | |S =) 95 | Om z= o = = z 

| ne | Ra DL. en | az | oz | ek Bs 
% % %o %e %o %e %o % % 

pian eee 85.3 11.56 | 62.64 | 14.40 | 79.04 0.28 0.25 0.53 4.36 
Firm ripe weve} 86.1 | 10.67 | 62.23 | 12.41 | 74.64 | 0.35 0.31 0.66 | 4.74 
Mature-green . 86.1 | 10.49 | 40.70 | 30.98 | 71.68 | 0.29 0.30 0.59 9.33 





* Water and soluble solids as percentage of fresh weight; others as percentage of 
dry weight. 


RESPIRATIONAL CHANGES OCCURRING DURING RIPENING 


Carbon dioxide elimination and the carbon dioxide and oxygen content 
of the internal cavity were followed from the beginning of ripening to over- 
ripeness. The carbon dioxide elimination was measured on fruit harvested 
mature but green and allowed to ripen, while the internal gases were mea- 
sured in fruit harvested at progressive stages of ripeness. Figure 1 shows 
the carbon dioxide elimination of approximately one dozen individual fruits 
measured separately. It will be noted that in the firm-ripe fruit (7.e., with 
the yellow color just beginning to show) the rate of carbon dioxide elimi- 
nation is represented by a low curve parallel with the base line. As the 
color develops, the rate of respiration, as measured by carbon dioxide elimi- 
nation, rapidly increases and reaches a peak simultaneously with full color 
development. After this peak, the rate of respiration decreases. In some 
instances it increases again but this can be attributed to the growth of fungi 
on the overripe fruit and to the leakage of internal gases through the wounds 
eaused by the fungi. Figure 2 shows that long before the development of 
external color and before the rate of external elimination of carbon dioxide 
begins to increase, the concentration of carbon dioxide in the internal atmos- 
phere has begun. This increase in carbon dioxide in the internal atmos- 
phere continues throughout the ripening period and past full ripeness. 
Thus, there is no peak of internal carbon dioxide concentration. As the 
earbon dioxide content of the internal cavity increases, the oxygen content 
decreases. 


EFFECT OF COLD STORAGE ON THE OBSERVED RIPENING PROCESS 
Fruit at three stages of ripeness—mature but green; firm ripe with 
yellow color just beginning to show; and ripe, with full yellow color but 
firm—were stored at 3° to 4° C. for 11 days. There were no indications of 
ripening during the period, and at the end of the cold storage treatment 
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there were no noticeable changes in the fruit. On removal to room tempera- 
ture (approximately 25° C.) the green fruit did not ripen, but small sunken 
spots developed and in the course of 2 or 3 days the fruits were overrun 
with fungi. The firm-ripe fruit reacted very much as the green, never 
ripening normally. The ripe fruits were in essentially the same condition 
after cold storage as before but were subject to rapid breakdown and fungal 
attack when held at room temperature. 


EFFECT OF COLD STORAGE ON THE CHEMICAL CHANGES 
OCCURRING DURING RIPENING 
Table II shows the composition of mature-green fruit before and after 
eold storage, and when allowed to ripen at room temperature without any 


TABLE II 


COMPOSITION* OF PAPAYA FRUITS WHEN HARVESTED MATURE-GREEN, WHEN HARVESTED 
MATURE-GREEN AND ALLOWED TO RIPEN AT ROOM TEMPERATURE, AND WHEN 
HARVESTED MATURE-GREEN AND HELD FOR 11 DAyYs AT 3°-—4° C, 


, | INSOLU- | 
| eensecuces | CUC- ities SOLUBLE) ’ | TOTAL 
SOLUBLE = er , PoTaL 522 BLE | 
ING SUCROSE te NITRO- 3 NITRO- 
SOLIDS : SUGAR eis NITRO- 2 
SUGAR GEN | GEN 
GEN 
% Jo % G % % 
Mature-green 86.1 10.49 40.70 30.98 0.30 
Harvested 
mature-green ; 
ripe after 5 
days at room 
temperature 86.9 9.96 56.22 0.34 
Mature-green 
—ll1 days at 
3°—4° C. . | 86.9 9.40 29.24 33.02 62.26 35 0.39 0.74 


* Water and soluble solids as percentage of fresh weight; others as percentage of 
dry weight. 


cold storage. It will be noted that, during 11 days at 3° to 4° C., there was 
no such hydrolysis of sucrose as occurred when fruit was allowed to ripen 
at room temperature. The quantitative differences in sugar content among 
the individual fruits are probably due to variability and should not be con- 
sidered when comparing the treatments. The important point seems to be 
the relation between reducing sugars and sucrose. 


EFFECT OF COLD STORAGE ON RESPIRATIONAL CHANGES 
Figure 3 shows the carbon dioxide elimination of firm-ripe fruit stored 
at 3° to 4° C. during a period of 11 days. It will be noted that the rate of 
elimination changes very little over the 11-day period. It will also be noted 
that there is no climacteric rise in respiration during cold storage. 
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Discussion 

Ripening of the papaya, once begun, proceeds rapidly at room tempera- 
ture. Within 3 or 4 days after the appearance of the first yellow color, the 
fruit is fully ripe. During this short period, several important changes 
occur: A large percentage of the sucrose is hydrolyzed, a climacteric rise in 
carbon dioxide elimination occurs, the flesh of the fruit changes from a very 
tough and rubbery to a soft, easily crushed texture, and the color changes 
from green to yellow. Unlike some other fruits, such as apples, the climac- 
terie rise occurs in the papaya simultaneously with ripening and not before 
ripening. 

Since the modification of the quarantine law to allow the entrance of 
Hawaiian fruits into the mainland after a cold treatment, the effects of cold 
storage on the papaya become of especial interest. The results presented 
show that cold storage halts the ripening processes in the papaya perma- 
nently rather than just for the duration of storage, as is the case with pears 
(2,3). Onremoval of the papaya from cold storage (11 days at 1.7° C.) to 
room temperature, small sunken dead spots develop in the course of 1 or 2 
days. These dead spots serve as places of entrance for fungi; within 3 to 4 
days the fruit is overrun with the fungi, and breakdown proceeds without 
ripening. These results agree with those reported by Warpiaw (14). 


Summary 

1. The normal process of ripening in the papaya is described and the 
effect of cold storage on this process discussed. 

2. During the ripening process a large portion of the sucrose is hydro- 
lyzed, the color changes from green to vellow, the flesh softens, and there is 
a rise in carbon dioxide elimination. 

3. Cold storage stops the ripening process and causes a chill effect so 
that on removal to room temperature the ripening process is not resumed. 

HAWAIL AGRICULTURAL EXPERIMENT STATION 

Honowvtu, T.H. 
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A SEMI-MICRO METHOD FOR THE DETERMINATION 
OF REDUCING SUGARS 


Sam G. WILDMAN AND ELMER HANSEN 


(WITH THREE FIGURES ) 


Introduction 


The Munson-WALKER method (3) with the modification of BERTRAND (1) 
has long been used for the determination of reducing sugars in plant ex- 
tracts. The large amounts of solutions required by this method, however, 
make necessary the frequent preparation and standardization of solutions, 
which is inconvenient when large numbers of determinations are being made 
over an extended period of time. For plant materials containing not more 
than 10 to 12 per cent. sugar, it seems unnecessary to use the amounts of 
Fehling’s solutions originally specified. ILJsrn (2) in adapting the Munson- 
WALKER method to a micro scale, used 3-ml. portions of Fehling’s solutions 
A and B. Where more than one per cent. is encountered, however, the 
dilutions made necessary by this modification in order to keep within his 
range of 1 to 25 mg. of sugar, result in too great a dilution factor in the 
final value. An additional advantage of reducing the amounts of reagents 
used would be in making possible carrying out the reduction and subsequent 
washing of the copper oxide precipitate directly in centrifuge tubes, thus 


eliminating the tedious and inconvenient procedure of filtering the precipi- 


tate on a Gooch crucible. The use of the centrifuge for micro-sugar analysis 
has been reported by Instn (2) and Puiuurps (4). 

Another objection to the MuNsoN- WALKER method is the practice of boil- 
ing the sugar solutions over an open flame. QuISUMBING and THomAs (5) 
have shown that this practice is subject to error, since at 100° C. the end- 
point of the copper reduction is taken on a continuously ascending curve, 
so that small changes in time or temperature will result in appreciable error. 
They pointed out the desirability of using a temperature at which the redue- 
tion curve would eventually become level, at which point the end-point could 
be taken. A temperature of 80° C. was found best for this purpose. 
SHAFFER and Somoeyi (8) have also stressed the importance of taking the 
end-point of reduction on the level portion of the curve. 

The use of standard potassium permanganate solution for titrating the 
reduced cuprous oxide according to the BERTRAND modification, has the dis- 
advantages of instability of solution, sensitiveness to foreign organic matter 
and poor end-point, especially when the solutions cannot be thoroughly 
cleared. In view of the recent development of an inside indicator for potas- 
sium dichromate (7), it would appear desirable to use this solution instead 
of potassium permanganate for titration of the reduced copper oxide. 
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With the above considerations in mind, the MuNson-WALKER-BERTRAND 
method has been modified to a semi-micro scale by incorporating the fol- 
lowing changes : 

(1) Using 20 ml. of Fehling’s solution instead of 50 ml. 

(2) Carrying out the sugar-copper reactions in an 80° C. water bath 

instead of boiling over an open flame. 

(3) Centrifuging the Cu,O0 precipitate instead of filtering on a Gooch 
crucible. 

(4) Using potassium dichromate with sodium diphenylamine sulphonate 
inside indicator as a standard oxidant instead of potassium per- 
manganate. 

Preliminary experimentation 

PREPARATION OF REAGENTS.—Fehling’s solutions A and B were prepared 
according to the modification proposed by QuisuMBING and THomas (5) as 
follows : 

Solution A was prepared by dissolving 69.28 gm. of ¢.p. CuSO,-5H,O 
in warm water and then diluting to 1 liter in a volumetric flask. After 
standing for several hours, the solution was filtered and transferred to a 
Pyrex reagent bottle. 

Solution B was prepared by dissolving 346 gm. of ¢.p. sodium potassium 
tartrate in warm water and then transferring to a 1-liter volumetric flask. 
A saturated solution of sodium hydroxide was then digested on a steam bath 
until insoluble carbonates had settled out. The exact alkalinity of the solu- 
tion was then determined and the amount containing exactly 130 gm. of 
sodium hydroxide added to the sodium potassium tartrate solution and made 
to 1 liter. 

Ferric ammonium sulphate solution was made by dissolving 240.9 gm. 
of Fe(NH,)(SO,).-12 H.O in warm water, then adding 200 ml. of concen- 
trated H.SO,. After cooling, the solution was diluted to 1 liter and filtered. 

A 0.1000-N solution of potassium dichromate was prepared by dissolving 
4.9037 gm. of highest purity K,.Cr.O; (previously dried) in distilled water 
and then diluting to 1 liter in a volumetric flask. 

Sodium diphenylamine sulphonate indicator was made by dissolving 0.32 
gm. of barium diphenylamine sulphonate in 100 ml. of water, then adding 
1.0 gm. of sodium sulphate and allowing the precipitate of barium sulphate 
to digest for one hour. The solution of sodium diphenylamine sulphonate 
was then filtered through a heavy filter paper. 

DETERMINATION OF SUGAR-COPPER REDUCTION TIME.—QUISUMBING and 
Tuomas (5) have shown that 100 ml. of sugar-copper solutions held in an 
80° C. water bath required 30 min. for complete reduction. Since smaller 
quantities of solutions were to be used, the possibility of reducing the time 
for reduction established by these investigators was investigated. Three 
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Fig. 1. Time required for digestion of varying concentrations of glucose and an 
alkaline copper tartrate solution in an 80° C. water bath. 
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Fig. 2. Copper-glucose curve, determined by experiment. 
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glucose solutions were prepared containing 1 mg., 2.5 mg., and 5 mg. respee- 
tively per ml., representing the maximum, minimum, and median range of 
the sugar curve. After mixing with 20 ml. of Fehling’s solutions, duplicate 
samples of the three sets were subjected to time intervals of 10, 15, 20, 25 
and 30 minutes in an 80° C. water bath regulated to 1° C. by two bunsen 
burners. In this case, the results show (fig. 1) that the reduction curves 
became level shortly after 15 min., remained so at 20 to 25 min., and only 
slightly ascended in 30 min. In order to preserve uniformity, the time of 
20 min. was arbitrarily accepted for further experimentation. 
ARRANGEMENT OF THE CENTRIFUGE.—For these investigations an Inter- 
national type 1C centrifuge with an 8-place head carrying 50 ml. Pyrex 
tubes was used. To facilitate the rapid balancing of the centrifuge, the 
metal carriers were weighed and balanced to within 0.05 gm. by placing 
small pieces of sheet copper beneath the rubber cushions. The weight of 
the heaviest glass centrifuge tube was then determined, and the deficiencies 
in weight of the other seven, varying from 0.20 to 2.40 gm., recorded on the 
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Fic. 3. Copper-sucrose curve, determined by experiment. 
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tubes with a glass-marking pencil. Hence, the centrifuge was rapidly bal- 
anced by the simple expedient of adding the same amount of water 
(measured from a burette set up for the purpose) in milliliters as recorded 
in grams on the centrifuge tubes. Since the centrifuge was designed to 
accommodate eight tubes at one time, two sets of eight tubes were prepared. 


Method of analysis 


As a result of preliminary experimentation, the following analytical pro- 
cedure was adopted. To 20 ml. of sugar solution contained in a 50-ml. 
Pyrex centrifuge tube, measure from a burette 10 ml. each of Fehling’s solu- 
tions A and B. Place in a water bath held at 80° C. (+ 1° C.) for 20 min. 
While the first set of eight tubes is digesting, another set may be prepared 
to be placed in the water bath as soon as the first set is removed for cen- 
trifuging, etc. If this procedure is followed, 16 determinations may be made 


TABLE I 


GLUCOSE* y = 0.4650x + 0.00028x? 


0.1000N bee sR 0.1000N 














CoPpPER | SUGAR | K.Cr.0, | COPPER SuGAR | K.Cr,0, COPPER SUGAR | “yar 
mg. mg. | ml. ml, mg. ml, mg. mg. ml, 
5.0 | 2.33 0.78 85.0 41.55 3.31 165.0 84.37 25.85 
10.0 | 4.67 1.57 90.0 44.12 14.10 170.0 87.04 26.68 
15.0 7.04 2.38 95.0 46.71 14.90 175.0 89.94 27.25 
20.0 | 9.41 3.14 100.0 49.30 15.70 180.0 92.78 28.21 
25.0 | 11.80 3.93 105.0 51.92 16.49 185.0 95.65 29.00 
30.0 14.20 4.71 110.0 54.55 7.25 190.0 98.48 29.80 
35.0 16.62 5.50 115.0 57.18 18.05 193.3+ 100.0 30.40 
40.0 | 19.06 6.28 120.0 59.84 18.84 199.6 105.0 31.42 
45.0 | 21.49 7.07 125.0 62.51 19.60 208.5 110.0 32.80 
50.0 | 23.96 7.85 130.0 65.18 20.38 216.2 115.0 34.00 
55.0 | 26.43 8.62 135.0 67.87 91.19 999 5 120.0 35.0 
60.0 | 28.91 9.40 140.0 70.59 21.98 
65.0 | 31.41 10.20 145.0 73.33 22.75 
70.0 | 33.93 10.80 150.0 76.06 23.50 
75.0 | 36.46 11.74 155.0 78.80 24.25 
80.0 38.99 12.51 160.0 81.57 25.08 


| i 





* Sugar values for both glucose and sucrose were calculated from experimentally 
determined data (see fig. 2 and fig. 3) by the method of least squares according to the 
equations: 

(1) y=a+bx+ ex’ 


_ S(x*) ES (xy) — E(x") SE (x*y) 


(2) b= — eS 7 \' 
= (x*) S (x*) — [5 (x*) }? 
(3) > (x*) 5 (x*y) — S(x*) ES (xy) 
< c= - - : 
> (x*) E(x‘) — [ES (x*) }? 
The mean eror, caleulated fr ] ati |=d? 25 : 28 
‘ , of ated from the equation d is 0.251 mg. for glucose and 0.228 


mg. for sucrose. 
t Values determined experimentally. 
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in approximately one hour. Remove the tubes and cool for 2 to 3 minutes 
in cold water. Equalize the weight of the tubes by adding water to each in 
accordance with its deficit in weight, and centrifuge at not less than 1000 
r.p.m. for 4 min. If some light flakes of Cu,O persist in floating after cen- 
trifuging, add 2 to 4 drops of n-butyl aleohol to reduce the surface tension. 
Decant the excess Fehling’s solution from the Cu,O precipitate with a 
stream of water from a wash bottle, add 5 to 10 ml. of ferric ammonium 
sulphate solution, depending upon the amount of cuprous oxide present. 
Transfer the solution quantitatively to a 150-ml. beaker, add 6 to 9 drops 
of sodium diphenylamine indicator and titrate with standard potassium 
dichromate solution. At the end point, the color of the solution changes 
from an emerald green to an intense purple, and in practice it is not difficult 
to detect this change with 4 drop of potassium dichromate. Duplicate titra- 
tions should cheek within 0.05 ml. 


Determination of sugar-copper ratios 


Using the procedure outlined, the ratios of copper to glucose and invert 
sugar were determined. For this purpose stock solutions containing 5 mg. 
of sugar per milliliter were prepared from Pfanstiehl’s highest purity 
glucose and sucrose, dried for 2 hours in a vacuum oven at 70° C. previous 
to weighing. Stock solutions of sucrose were hydrolyzed at pH 5.0 with 2 


ml. of Difco invertase solution for 4 hours. The experimental curves show- 
ing the copper equivalents to glucose and invert sugar and glucose are shown 


TABLE II 


INVERT SUGAR* y = 0.4594x + 0.00028x°? 


. " a i 0.1000N ‘ é = 0.1000N . ; eae 0.1000N 
COPPER | SUGAR K.Cr.O, COPPER SUGAR K.Cr,0, COPPER SUGAR | K.Cr.0- 
mg. mg. ml, mg. | mg. ml. mg. md. ml, 
5.0 2.30 0.77 85.0 | 41.06 13.31 165.0 83.43 95.85 
10.0 4.66 1.57 90.0 | 43.61 14.10 170.0 86.18 26.68 
15.0 6.90 2.38 95.0 46.17 14.90 175.0 88.96 27.25 
20.0 9.30 3.14 100.0 48.74 15.70 180.0 91.76 28.21 
25.0 11.64 3.93 105.0 51.32 16.49 185.0 94.61 29.00 
30.0 14.03 4.71 110.0 53.93 17.25 190.0 97.41 29.80 
35.0 16.42 5.50 115.0 56.53 18.05 195.0 101.2 | 30.62 
40.0 18.83 6.28 120.0 59.16 18.84 200.0 113.1 31.42 
45.0 | 20.24 7.07 125.0 61.80 19.60 
50.0 23.67 7.85 130.0 64.44 20.38 
55.0 26.11 8.62 135.0 67.11 21.19 
60.0 28.58 9.40 140.0 69.80 21.98 
65.0 31.04 10.20 145.0 72.61 22.75 
70.0 33.53 10.80 150.0 75.22 23.50 
75.0 36.03 11.74 155.0 77.93 24.25 
80.0 38.56 12.51 160.0 80.67 25.08 


* See footnote at the bottom of table I. 
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in figures 2 and 3. The sugar values for both invert sugar and glucose were 
calculated from the experimental data by the method of least squares and 
are shown in tables I and II. 


Summary 


1. A semi-micro modification of the MuNsoN-WALKER-BERTRAND method 
for determining reducing sugars has been presented. 

2. The method described uses smaller quantities of reagents, substitutes 
a water bath for digestion, centrifuges the cuprous oxide precipitate, and 
uses potassium dichromate as a standard oxidant. 


The authors wish to acknowledge their indebtedness to Dr. W. M. 
Atwoop for his helpful suggestions and for the use of his laboratory, and 
to Dr. W. E. Mine for his suggestions on the calculation of the equations 
for the sugar curves. 
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Introduction 







Saline and alkaline waters, which are widely distributed over the earth’s 
surface and are frequently found in the southwestern portion of the United 
States, are responsible for many troubles encountered in greenhouse produe- 
tion. The contamination comes from deep wells, salt beds, gypsum deposits, 
and alkaline planes, and is primarily composed of sodium, ecalerum, and 
magnesium chlorides, sulphates, or bicarbonates. Frequently the concen- 
tration of these waters approaches that of sea water. The use of such waters 
for plants is often disastrous. 

The action of these salts occurring singly or in combination has fre- 
quently been discussed in connection with field irrigation. BREAZEALE of 
Arizona, Lipman of California, and Harris of Utah and their associates are 
especially deserving of credit for their investigations. Results of these 
field trials, however, cannot be safely applied to greenhouse problems, for 
here we find more frequent applications of water, more rapid evaporation, 
shallow beds, and a continuous concentrated production. 

The effect and toxic levels of the various alkaline salts on green- 
house plants, as shown by accumulation of the salts in the soil has been 
reported by this station (6). The purpose of this experiment was to make a 
similar study of the effect of sodium chloride and sodium bicarbonate with- 
out accumulation of the salt in the soil solution. 


















Experimental 






Comparable four-inch plants of Marglobe tomatoes were transferred to 
pots filled with silica and watered with a nutrient solution consisting of : 


139.5 ml. of 0.5 mol. MgSO, 

—  ~ ~ ea 

— Ue | 
15.2 ** iron citrate soln. (4 gm. per 100 ml.) 
15.2 ‘* A-Z soln. as suggested by HAs (5) 










This mixture was diluted to four gallons with rain water and the desired 
kind and quantity of salt was added to make the respective solutions. pH 
determinations were made on each solution after the salts were added. The 
plants were watered frequently enough to provide for water requirements. 
Every seven days all pots were leached to prevent accumulation, and to 
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maintain a nearly constant concentration of salt. (Analysis of the sands 
at the close of the experiment proved little or no accumulation had oe- 
curred). Immediately after leaching, the plants were again watered with 
their respective solutions, 

Daily records were made of the amount of solution used for each lot of 
five, the general appearance as to growth, the quantity and color of foliage, 
the length of life, and, finally, the average dry weight. At the completion 
of the tests, all plants were clipped at the ground level, dried, ground, and 
analyzed according to the methods of the Association of Official Agricultural 
Chemists. The results from the tomatoes receiving sodium chloride and 
sodium bicarbonate solutions varying from 100 to 3000 parts per million in 
concentration are presented in the accompanying figures. 


Results and discussion 


The plants in both series were uniform in appearance and in excellent 
condition at the start. Growth was rapid during the first week and no 
injuries were observed. Thereafter, injuries in the form of stunted growth 
and yellowed and dead leaves were noted in the higher concentrations. These 
injuries moved progressively to the lower salt concentrations as the experi- 
ment was continued. No sharp demarcation of injury could be detected, 
but a gradual increase with increased salt concentration was noticeable. 

Injury was not as characteristic, and appeared more slowly, in the 
sodium chloride series than in the sodium bicarbonate. Chlorotic leaves 
appeared at the end of the third week on plants receiving concentrations of 
sodium chloride greater than 2500 parts per million. At the termination 
of the experiment, all plants treated with more than 1500 parts per million 
sodium chloride developed turgid, yellowish leaves which curled and then 
died. These conditions were very pronounced in the higher concentrations, 
2300 to 3000 parts per million. BaAsLAvsKaJa (1) observed similar condi- 
tions in the leaves of potato plants treated with chloride salts and attributed 
them to the chloride ion. Plants receiving over 2000 parts per million of salt 
in both series were much more resistant to wilting, and their total water con- 
sumption was reduced one-third or more for the duration of the experiment. 

When the experiment was terminated, observations indicated that salt 
injuries were apparent in concentrations as low as 900 parts per million of 
sodium bicarbonate and 1100 parts per million of sodium chloride. General 
condition of the plants indicated that concentrations greater than 1600 
parts per million of sodium bicarbonate and 1700 parts per million of 
sodium chloride were toxic. 

Data for the total growth of plants, represented by wet and dry weights 
of each group of five plants, are given in figures 1 and 2 for the sodium 
chloride and sodium bicarbonate series. In the sodium chloride series, the 
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green weight of plants receiving over 2900 parts per million of the salt was 
one-half that of the checks. <A similar retardation of growth as shown by its 
dry weight occurred at a concentration of 1600 parts per million sodium 
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Fig. 2. Growth curves of tomato plants in sand culture with NaHCO, in the culture 
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had an increased moisture content of 3 to 3.5 per cent. more than the checks, 
the injury based on dry weights is the better criterion. In the sodium bicar- 
bonate series, plants watered with over 1600 parts per million had a green 
weight one-half that of the checks. On a similar comparative basis of dry 
weights the concentration was 1400 parts per million. In the latter series 
the increase in the moisture content of the plants was not as pronounced. 
The green and dry weights of the checks were larger in all cases than those 
of the plants receiving the salt water treatment. BREAZEALE’s (2) work 
with wheat seedlings treated with sodium chloride shows this same gradual 
declination in growth as concentration is increased. 

Observations failed to detect any reduction in growth in the lower con- 
centrations. The groups receiving salt concentrations lower than 600 parts 
per million appeared to be equivalent to or better than the checks. This is 
not in accord with LipMAn’s (7) statement that small concentrations of about 
500 to 1000 parts per million sodium chloride may depress growth in early 
stages, but that higher concentrations may stimulate it. 

Analysis of data presented in figures 3 and 4 shows many marked changes 
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Fic. 3. Ash content of tomato plants grown in sand cultures with additions of NaC! 
in the nutrient solutions. Dry weight basis. 


in the plants as they were subjected to increased concentrations of salts. 


The ash content of plants treated with sodium chloride increased very 
rapidly and reached values as high as 32 per cent. of the dry plant weight. 
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Fig. 4. Ash content of tomato plants grown in sand cultures with additions of 
NaHCO, to the nutrient solutions. Dry weight basis. 





The addition of 100 parts per million sodium chloride to the solutions in- 
ereased the ash content 4 per cent. of dry plant weight over the checks, and 
1500 parts per million sodium chloride gave an increase of 11 per cent. 
Plants treated with concentrations of sodium chloride between 1300 and 1500 
parts per million showed the most rapid increase in the ash content. The 
ash content of the sodium bicarbonate series did not increase as rapidly as 
that of the sodium chloride series, and did not reach exceedingly high values. 
Plants receiving from 500 to 800 parts per million sodium bicarbonate had a 
rather marked increase in ash. 

The sodium content of plants treated with the higher concentrations of 
sodium chloride was over twenty times that of the checks. Plants receiving 
solutions containing between 1800 and 2000 parts per million of sodium 
chloride showed a very marked increase of sodium from 2.5 to nearly 5.0 per 
cent. of the dry plant weight. Although determination of the chloride ion 
was not made, it would be logical to assume that the sodium chloride content 
was increased. Burrum and SLosson (3), however, reported that in alfalfa 
plants the sodium chloride content decreased as the sodium chloride concen- 
tration was increased in the solution. The sodium content of the sodium 
bicarbonate series increased gradually. The higher concentrations of 
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sodium bicarbonate caused an increase of the sodium content to fifteen times 
that of the checks. 

In explaining the larger ash and sodium content of the sodium chloride 
over the sodium bicarbonate series, it should be remembered that the higher 
conductance of the combined ions of sodium and chloride over those of 
sodium and bicarbonate would give them greater mobility which should 
tend to increase their diffusion into the plant tissue. The addition of sodium 
bicarbonate also increased the pH values, which would promote formation 
of insoluble compounds of iron, calcium, magnesium, phosphate, and carbon- 
ate which would tend to lower the ash content of these plants. 

The calcium content of plants in the sodium chloride series, although 
quite irregular, is in general higher than in the check plants. In the sodium 
bicarbonate series, there is a rapid decrease in the calcium content up to a 
concentration of 200 parts per million. The calcium content remains nearly 
constant at values of at least one-fourth below the checks until a concentra- 
tion of 2800 parts per million has been reached, at which point it undergoes 
a marked decrease to approximately one-half that of the checks. 

The magnesium content of the plants treated with sodium chloride showed 
little change throughout the whole series. In the sodium bicarbonate series 
there was an increase in magnesium in the lower concentrations up to 600 
parts per million. There was a rather gradual decline in the magnesium 
content of the plants from 600 to 3000 parts per million of sodium biecar- 
bonate. 

The increase in the magnesium and the decline in the calcium content 
upon the addition of 100 and 200 parts per million of sodium bicarbonate 
could possibly be explained by the fact that calcium carbonate is more in- 
soluble than magnesium carbonate, and that under these conditions mag- 
nesium is absorbed to replace the unavailable calcium. 

The increase in the calcium and the decrease in magnesium content of the 
plants receiving sodium chloride solutions is in agreement with the work of 
CaAROLUsS (4) on the absorption of these bases in the presence of sodium. The 
irregular trend of the silica content in the plants watered with sodium 
chloride solutions prevents it from giving any useful information. Plants 
treated with sodium bicarbonate solutions, however, showed a pronounced 
increase in silica content after a concentration of 1800 parts per million had 
been reached. It is interesting to note that at this concentration the pH 
has been raised to a value of 7.3. This increased pH would tend to render 
the silica soluble as sodium silicate, and thereby account for the increased 
silica content. 


Summary 


The conclusions to be drawn from the sand culture experiment where 
sodium chloride and sodium bicarbonate in varied concentrations from 100 
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to 3000 parts per million were added to tomatoes may be summarized as 
follows: 

1. The data indicate that mjuries were gradually accentuated as con- 
centrations were increased. The sodium bicarbonate produced injuries at 
lower concentrations, and, in general, was more toxic than the sodium 
chloride. 

2. Under the conditions used, concentrations of either salt above the 
range 1400-1600 parts per million proved to be extremely toxic. 

3. The ash and sodium content of the plants increased more rapidly and 
reached higher values in the plants treated with sodium chloride than in 
those treated with sodium bicarbonate. 

4. Treatment with sodium bicarbonate reduced the calcium content 
very markedly from one-fourth to one-half that of the checks. 

5. Plants receiving sodium chloride developed characteristic turgid, 
yellow leaves that curled and died. 


OKLAHOMA AGRICULTURAL EXPERIMENT STATION 
STILLWATER, OKLAHOMA 
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INFLUENCE OF AUXINS ON REPRODUCTION OF 
LEMNA MAJOR 


NOBMAN ASHWELL CLARK AND ELMER E. FRAHM 
(WITH ONE FIGURE ) 


At the present time there exists a large amount of evidence showing that 
auxins control many of the functions of green plants. Particular attention, 
from both qualitative and quantitative standpoints, has been paid by investi- 
gators to the effect of the presence of auxins in the plant on the elongation of 
cells, the growth of roots, and the increase in the vegetative parts (1, 8, 15). 

The addition of prepared auxin material, supplied in various forms and 
in various ways, also has a marked effect on plants. ZIMMERMAN and WIL- 
coxon (16) found that adventitious roots were initiated and stems and 
leaves were affected. THIMANN and LANE (13) have shown that in Avena 
and Triticum the addition of auxin increased the dry weight, accelerated 
vegetative growth, and slightly hastened flowering. LoEnwine and Bave- 
vEss (9) applied heteroauxin to the soil as well as to the plants and pro- 
duced variation in growth. 

There are also indications that cell division and reproduction in plants 
are influenced by different auxins. Jost in 1935 (7) investigated the effect 
of several growth-promoting substances on cell division. Recently Pratt 
(11) checked the influence of three synthetic chemicals on the reproduction 
of the green alga, Chlorella vulgaris. He found that indole-3-acetie acid 
(heteroauxin) stimulated the reproduction of the Chlorella cells when pres- 
ent in the nutrient solution at a concentration of 10 p.p.m. and gave in- 
ereased stimulation at 50 p.p.m. Indole-3-n-propionic acid was less stimu- 
lating, but was in turn greater than indole-3-n-butyric acid. Several other 
earbon compounds, including allantoin, were tried, but none caused an 
inerease in the number of cells comparable with the three indole acids. 

In these laboratories the writers have used Lemna major (Spirodela 
polyrhiza) as the test plant. Lemna is a water plant capable of producing 
flowers but usually propagating asexually. Its culture lends itself to a con- 
trol as rigid as can be obtained with Chlorella. For several years it has been 
grown in inorganic nutrient solutions without organic matter, free from all 
microdrganisms, and at a definite temperature both under electric light and 
in sunlight. When the logarithm of the number of fronds at any time, f, is 
plotted against the number of days, the result is a straight line which is 
reproducible under the same conditions. The slope of the line, K, is a mea- 
sure of the speed of reproduction. Flasks can be subcultured indefinitely, 
and effects of variations in pH (3), light (2), organic or inorganic materials 
(5) are shown in the slope of the curve if the rate of reproduction is 
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changed, and in the form or size of the fronds if the vegetative material is 
affected. 

The effects of three synthetic compounds on Lemna were investigated 
and are reported here : indole-3-acetic acid (heteroauxin), phenylacetie acid, 
and phenylpropionic acid.‘ Phenylacetic acid was tested at the Boyce 
Thompson Institute by Hrrcucock and ZIMMERMAN (6) and more recently 
by THIMANN and ScHNeEmwer (14) in studying the relative activities of differ- 
ent auxins. 

The general technique for the growth of the Lemna has been given previ- 
ously. The plants, free from microérganisms for hundreds of generations, 
were grown in an inorganic solution of purified salts in Erlenmeyer flasks 
at 25° C.+0.5° C. Solutions were sterilized at 20 lb. pressure for 15 min. 
and the test material was added either before sterilization or after passing 
through a Pasteur-Chamberland filter. The results from the two methods 
of sterilizing test materials indicated heat stability at the low concentrations 
used. The plants, after growing in the solutions, were checked each week 
for freedom from microérganisms and if contaminated, the eulture was 
discarded. 

The pH of the inorganic solutions was 4.7 to 4.8. This is the optimum 
pH for Lemna reproduction under the conditions used (3). SKoog (12) 
found that plants made a measurable absorption of auxin from low concen- 
trations in solutions at or below pH 5. The addition of small amounts of 
organic material did not change the pH of the Lemna cultures appreciably. 

Light was supplied by electric lamps for 14} hours daily at 400 to 500 
foot-candles intensity. As the light varied somewhat in different experi- 
ments owing to the age of the electric bulbs, the rate of reproduction, K, of 
the plants varied slightly. Two or three cultures as controls were included 
in each experiment, and consisted of the Lemna in the standard inorganic 
medium. In the tables K is the slope of the curve multiplied by 100, and 
indicates the speed of reproduction, 

In the first series, water solutions of the synthetic compounds were steril- 
ized by passage through a Pasteur-Chamberland filter and were added, 
under sterile conditions, to the autoclaved inorganic solutions. The Lemna 
plants were transferred twice a week to fresh media containing the auxins. 

At high concentrations (100 mg. per liter of media) all three compounds 
were toxic, and the Lemna died. At 10 mg. per liter both indole-3-acetic 
and phenylacetic also killed the plants, but phenylpropionie at that coneen- 
tration produced small and light-colored fronds, with roots reduced to short 
stubs. At 1 mg. per liter, the rate of reproduction was slow and there was 
a marked shortening of the roots with all three acids; but the vegetative 

1 We are indebted to Dr. R. H. MANSKE of the National Research Council at Ottawa, 
Canada, for the indole-3-acetie acid; the other two are commercial preparations. 
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characters varied. The indole-3-acetic produced small fronds, light green, 
with long strands connecting mother and daughter fronds. On the other 
hand, the phenylacetic increased the size of the fronds, and the color com- 
pared to the standards, was darker. Phenylpropionic at this concentration 
had no effect on either size or color. Similar results were obtained with the 
concentration at 0.1 mg. per liter. 

The changes caused by these last two concentrations were not permanent 
and the cultures recovered when transferred to the standard inorganic 
medium. In 4 weeks the fronds appeared normal, with roots of the usual 
size and reproduction approached the regular rate. Cultures from phenyl- 
acetic and phenylpropionic acids, when recovering in the standard solu- 
tions, produced fronds of large size, but these did not reproduce large 
daughter fronds. 

Table I shows the compounds and their concentration from 0.01 to 0.0001 
mg. per liter of media, the rate of reproduction K, and the effect on the 
fronds. The plants in the inorganic control solutions without additions are 
described as normal. These fronds are of good size (somewhat larger than 
usually found in ponds), with many well-developed roots, and have a deep 
green color and healthy appearance. The average of duplicates is given; 
K usually varied only 0.1 to 0.2. 


TABLE I 


RATE OF REPRODUCTION OF LEMNA WITH ADDITIONS OF AUXINS TO THE MEDIA 


COMPOUND | CONCENTRATION K CONDITION OF PLANTS 


mg./liter of media 
(Control) 0.00 3. normal 
Indole-3-acetie 0.01 fronds slightly lighter green, 
roots somewhat shorter 
0.001 ;. normal 
0.0001 8.5 ah 


Phenylacetic 0.01 8.8 
0.001 
0.0001 8.8 


normal 


Phenylpropionie 0.01 8.9 roots slightly shorter 
0.001 9.0 normal 
0.0001 8.7 ‘6 


With these low concentrations there was little or no inerease in the rate 
of reproduction, and as little effect on the fronds. The 0.01 mg. per liter 
concentrations of indole-3-acetic acid and phenylpropionic caused some 
inhibition of root growth, but this effect was serious only at higher concen- 
trations. Toxie properties of the indole-3-acetic acid began to show at 0.1 
mg. per liter. Pratr (11) found his maximum increase in reproduction of 
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algae at 50 mg. per liter. The difference may lie in the effect on the root 
system. 
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Fig. 1. Log. of number of plants on days 
1. Standard control. K (slope x 100) =8.8 


2. Intermittent treatment with indole-3-acetic acid. K =9.7 
3. Intermittent treatment with phenylacetic acid. K =10.3 


t Treatment discontinued. 


Macut and GrRuMBEIN (10) reported a definite stimulation of the roots 
of Lupinus albus seedlings after short exposure to very dilute solutions of 
beta-indolyl acetic acid. With the Lemna, it was observed that plants which 
had been treated with phenylacetic acid and phenylpropionie acid increased 
in size when placed in standard solutions. A further experiment was there- 
fore planned in which the same three compounds were applied intermittently 
to the plants. 

In this second series the Lemna plants were transferred each week to 
fresh standard media and the plants counted and checked for sterility as 
before. Each day, excluding Sundays, the plants in all cultures, except the 
controls, were transferred aseptically to solutions of the synthetic com- 
pounds, which were sterilized by passing through Pasteur-Chamberland 
filters. The Lemna remained in the solutions for 30 minutes on the labora- 
tory table and were then returned to the standard salt solutions. 

Table II shows the concentrations of the solutions, the rate of reprodue- 
tion K, and the condition of the plants. The Lemna in the inorganic control 
solutions, without additions, are again described as normal and the test 
plants compared with these. Duration of the experiment was 42 days. 
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TABLE II 


EFFECT OF INTERMITTENT APPLICATION OF AUXINS ON LEMNA 


COMPOUND CONCENTRATION | K CONDITION OF PLANTS 


mg./liter media 
(Control) 0.00 8.6 normal 
Indole-3-acetic 10.0 8.5 small fronds, short roots 
2.0 normal 
1.0 + 
0.5 | 9.5 
0.1 9.5 


Phenylacetic 10.0 8.5 
‘ 5.0 9.5 
1.0 10.0 ‘6 
0.1 10.6 fronds normal, root length in- 
} ereased 


Phenylpropionic 10.0 10.0 normal 
1.0 10.0 sé 
0.1 10.6 


The periodic application produced marked increases in the rate of repro- 
duction at concentrations which were toxic when the auxins were mixed with 
the standard medium. There is a greater difference than expected, espe- 
cially in view of the fact that Skoog (12) found that the activity of the 
indole-3-acetic decreased rapidly in a nutrient solution. He found about 
half the activity disappeared in 10 hours and almost all in 24 hours whether 
plants were present or absent. 

A final experiment was carried out in order to check the results of this 
intermittent application and to compare the sterilization of the auxin solu- 
tions by the Pasteur-Chamberland filter and by steam sterilization. The 
same technique was used as in the second series, and two cultures were in- 
cluded with the control solutions (one of which was spoiled) in which the 
fronds were removed from the standard media once a day and placed in 100 
ml. of sterile distilled water for 30 minutes, at the same time as the test 
plants were in the auxin solutions. Only one concentration, 1 mg. per liter, 
was used for the three auxins. The plants varied very little, if any, from 
the normal except those given the distilled water treatment, which were dis- 
tinetly lighter in color. Table III gives the treatment and the rate of repro- 
duction. 

As noted previously, no differences in rates of reproduction were found 
when the auxin solutions were sterilized by autoclaving and by filtration. 
In both table IT and table III, phenylpropionic acid is as effective as phenyl- 
acetic acid, and both stimulate reproduction of the Lemna more than the 
indole-3-acetie acid. 
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TABLE III 
RATE OF REPRODUCTION OF LEMNA WITH INTERMITTENT AUXIN APPLICATION 
CONCENTRATION 1 MG. PER LITER 
STERILIZATION BY FILTRATION OR AUTOCLAVE 


COMPOUND TREATMENT K 
(Control) autoclaved 8.8 

é ‘é 9.0 

Standard solution—with 30 autoclaved 9.0 


minute water treatment 


Indole-3-acetie acid filtered 9.7 
ili atte ie autoclaved 9.6 
Phenylacetic acid filtered 10.1 
an eg autoclaved 10.2 
Phenylpropionie acid filtered 10.3 
" - autoclaved 10.2 


When the treatments shown in table III were discontinued, the rate of 
reproduction gradually dropped. Figure 1 shows three growth curves from 
table III; the logarithm of the number of fronds is plotted on time in days. 
Curve 1 is the control, K = 8.8; curve 2 is the result of treatment with 1 mg. 
of indole-3-acetice acid ; and curve 3 with 1 mg. of phenylacetice acid. In the 
last two cases the drop in the rate of reproduction is shown when the treat- 
ment was stopped. 

Summary 

1. Indole-3-acetie acid, phenylacetic acid, and phenylpropionie acid were 
tested in varying concentrations for their effect on the rate of reproduction 
of Lemna major. 

2. The Lemna was grown in inorganic solutions, under controlled light 
and temperature, free from microérganisms. 

3. When added to the media twice weekly, the sterilized auxins failed to 
increase the reproduction markedly at concentrations of 0.01 mg. per liter 
or lower, and higher concentrations produced more or less toxicity. Ten 
milligrams per liter or slightly above killed the plants. 

4. Intermittent application of the auxins produced increased reproduc- 
tion. Both phenylacetie acid and phenylpropionie acid were more effective 
than indole-3-acetie acid. 

5. Lemna which had been subjected to the influence of the auxins, re- 
turned to the normal rate of reproduction when replaced in the standard 
inorganie medium, 
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AN ESTIMATION OF THE VOLUME OF WATER MADE 
AVAILABLE BY ROOT EXTENSION 


Pavsi J. EZeawesr aud TFT. 8. Coie 


Modern views on plant-soil moisture relations stress the importance of 
continuous elongation of roots into new regions of the soil as an important 
factor in making water available to plants. It was long believed that as 
roots absorb the available water from the soil particles with which they are 
in direct contact more water is made available by capillary movement from 
more distant soil particles. Investigations conducted during the past 15 
years indicate that this belief is not true, capillary movement of water 
toward the roots being so slow under average field conditions that it is of 
negligible importance. <A brief discussion of soil-water relations will show 
why capillary movement is relatively unimportant. 

If a limited amount of water is applied to a large volume of soil a part 
of the soil will be wetted uniformly while the remainder is unaffected. This 
situation is often observed after a shower which has wetted the upper three 
or four inches of soil, leaving a sharp line of demarcation between the moist 
soil and the dry soil beneath. The movement of water in a dry soil can 
occur only from larger to smaller capillaries. As Purr (6) has indicated, 
water will move from a wet soil to a dry soil only if the dry soil contains 


some capillaries smaller than the largest ones in the wet soil which are full 


of water. Water movement from wet soil to dry soil continues until con- 
tact is broken between the smaller capillaries of the dry soil which are 
responsible for the movement. When continuity of the liquid phase is thus 
broken visible movement of water ceases. The swelling of certain types of 
soil colloids when wetted is also of importance in inhibiting water move- 
ment by reducing the size of capillaries to a diameter so small that water 
molecules cannot readily pass. The amount of water held by capillarity in 
the soil after it has been uniformly distributed by gravitational and eapil- 
lary forces is usually termed the field capacity (VermmMEYER and HENpRICK- 
son, 10). Under field conditions well drained soils are usually assumed to 
be at their field capacity a day or two after being wetted by rain or irriga- 
tion. SHANTZ (7) stated that on theoretical grounds the capillary move- 
ment of water from moister to drier regions in soils at or below their field 
capacity would be very slow and this was experimentally verified by Kren 
(3) and VerHMEYER and HENprRIcCKSON (9). According to Purt (6) when 
soil moisture is restricted to capillaries formed by particles having a diame- 
ter of 0.001 mm. or smaller relatively little water is available to plants. He 
considers that particles coarser than clay are mainly responsible for retain- 
ing moisture available to plants, whereas clay aids in the conservation of 
743 
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this moisture by reducing its rate of movement. Laivineston (4), Keen 
(3), SHuts (8), and others have pointed out that if little or no capillary 
water moves toward the roots then continual extension of the roots into new 
regions of the soil is essential to the absorption of an adequate supply of 
water. 

While the importance of root extension in relation to absorption is becom- 
ing well recognized, no attempt has ever been made to show how much water 
is actually made available by the growth of roots through the soil. The 
recent investigation by Dirrmer (1) of the number, size, and length of roots 
developed by winter rye (Secale cereale L.) supplied data on root extension 
which makes such calculations possible. 

DrirTMer reported that his rye plants produced an average of 3.1 miles 
of new roots per day during a period of four months. These roots were 
mostly 120 to 250 microns in diameter and covered with root hairs which 
were mostly 700 to 800 microns in length. It therefore seems safe to assume 
that these roots and root hairs contacted the soil particles in a eylinder of 
soil about 2 mm. in diameter and 3.1 miles long, having a total volume of 
approximately 15,700 ml. If the soil mass penetrated by the roots was at 
the field capacity a volume of water became available to the plants each day 
equal to the difference between the volume present at field capacity and the 
volume present at the wilting percentage. No data are available for the soil 
used by Drrrmer but one of the writers has considerable data on yolume- 
moisture relations for several types of soil. 

The volume of water available for plants in two widely different textural 
classes of soils is illustrated by the data for a coarse sandy loam and a heavy 
clay soil. The mechanical composition of these soils is given in table I and 
the water-holding characteristics in table I]. Table II gives the moisture 


TABLE I 


PHYSICAL CHARACTERISTICS OF SOILS 





SoIL FRACTION AND PARTICLE TEXTURAL CLASS 
SIZE CLASS ae — 
SANDY LOAM CLAY 
% 
Sand, 2.00 te 0.05 mm. 78.5 13.4 
Silt, 0.05 to 0.002 mm. 14.5 27.7 
Clay, 0.002 mm. 7.0 58.9 
Total 100.0 100.0 
‘*Total colloidal content’’* 14.2 74.6 
Percentage of organic matter on oven- 
dry basis 1.5 1.5 
Volume-weight ratio 1.75 1.24 
* Bovroucos, G. J. Soil Sei. 26: 233-238. 1928, ineludes all the clay and a part 


of the silt. 
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TABLE II 


THE WATER-HOLDING CHARACTERISTICS ON A VOLUME BASIS OF THE TWO SOILS 























PERCENTAGE PERCENTAGE OF VOLUME ML. or Varun 
TEX- porn sns oe be ans WATER WATER 
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CLASS weer EQUIVA- PER- PER LITER IN 15,700 





LENT CENTAGE OF SOIL ML. SOIL 





BASIS 
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% % % ml. ml. 
Sandy 
loam ..... | 15 15.0 4.8 102 1,601 
Clay 1.5 46.0 27.5 185 2,904 
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equivalents and wilting percentages calculated on a volume basis, the volume 
of available water per liter of soil and the volume which would be available 
in the soil mass penetrated each day by the roots. The volume of available 
water is assumed to be the difference between the volumes of water at the 
wilting percentage and at the field capacity. There are 102 ml. of available 
water per liter of sandy loam soil and 185 ml. of available water per liter 
of clay soil. Assuming the addition of 3.1 miles of new roots per day, 1.6 
liters of water would have been made available to the rye plant in the sandy 
loam soil and 2.9 liters in the clay soil. No information is available con- 
cerning the actual transpiration rate of the rye plant, but it had 50 square 
















feet of leaf surface, including both sides, or less than one square meter if 
only one surface was considered. Miuier (5) reported that in July the 






daily transpiration per square meter of leaf surface was over 1300 ml. for 
corn and over 2000 ml. for milo. The transpiration rate of rye growing in 






the greenhouse in the winter was doubtless much lower and it therefore 
seems highly probable that the daily root elongation alone made available 






sufficient water to supply the requirements of the plant. It should also be 
remembered that 3.1 miles of roots was merely the average addition per day. 






Since only a few feet of roots were added during the first week the daily 





increase in length was much in excess of 3.1 miles during the latter part of 





the experiment. 

Continuing with the assumption that 3.1 miles of new roots were added 
each day the volume of new soil occupied daily amounted to over 30 per cent. 
of the total volume of soil in which the plant was growing. It therefore 
seems obvious that during the latter part of this experiment the new roots 









were crossing and recrossing older roots and thus daily reoccupying the 





same soil mass. This idea is also supported by the fact that at the con- 





clusion of the experiments the total volume of roots and root hairs appears 





to have amounted to over one-sixth of the volume of the soil mass in which 





they were growing. The total surface of roots and root hairs was estimated 
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to be 6,875.4 square feet. How much of this surface was in actual contact 
with soil particles is unknown. Since the number of root hairs ranged from 
19 to 53 per mm. of root it seems probable that adequate contact was made 
with all soil particles lying within the zone occupied by the root hairs to 
insure absorption of all the available water. 

It is realized that this is a somewhat hypothetical example. The number 
and length of roots and rate of growth probably would not be the same in 
a sandy loam soil and in a clay soil. In spite of their imperfections, how- 
ever, these calculations emphasize the fact that root extension may make 
available considerable quantities of water. For every 100 feet of roots 
added to the rye plant about 9.5 ml. of water would become available in the 
sandy loam soil and about 17.7 ml. in the clay soil. Drrrmer cited evidence 
indicating that other species of grasses may have equally extensive root 
systems. In a more recent study (2) he reported that a cubic inch of soil 
contained 630 feet of roots and root hairs of oats. A similar volume of soil 
contained over 4000 feet of roots and root hairs of Kentucky bluegrass while 
a cubie inch of soil under rye contained 1300 feet of roots and root hairs. 
Such complete penetration probably does not occur with many plants other 
than grasses. The problem of root growth as related to the absorption of 
water deserves further investigation. In future studies it would be desir- 
able to obtain data concerning the water-holding characteristics of the soil 
and the transpiration rate of the plants so that the réle of root extension in 
supplying water could be more accurately determined. 


Summary 

The volume of water made available daily by root growth was calculated 
for winter rye using the data published by Dirrmer. It was assumed that 
the roots contacted all soil particles in a cylinder 2 mm. in diameter and 
that 3.1 miles of roots were added daily. This amount of root extension 
would make available about 1.6 liters of water daily in a sandy loam soil at 
field capacity and about 2.9 liters in a heavy clay soil. It appears that at 
least under some conditions root extension might supply all the water 
required by a plant. 

DEPARTMENT OF BOTANY AND 

SCHOOL OF FORESTRY 
DuKE UNIVERSITY 
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DETERMINATION OF THE NITROGEN FRACTIONS IN ATLAS 
AND MILO SORGHUM PLANTS' 


JAMES E. WEBSTER AND HOWARD MITCHELL 


(WITH ONE FIGURE) 


Introduction 


During the course of experiments conducted to find an explanation for 
the varying susceptibility of sorghum varieties to chinch bug injuries, con- 
siderable evidence has been collected indicating that nitrogen may be one of 
the factors involved in the problem. It is a known fact that, in general, 
additions of nitrogen fertilizers to plants increase the susceptibility of such 
plants to insect injury (3); DaumMs has confirmed this fact for sorghums 
(1). Our work on the chemical composition of various varieties has shown 
that susceptible varieties generally have a higher nitrogen content than 
non-suseeptible varieties grown under similar vonditions. Particularly is 
this true of field-grown Atlas and Dwarf Yellow Milo plants, which are 
representative, respectively, of highly resistant and extremely susceptible 
varieties. The study was undertaken to determine whether certain nitrogen 
fractions were present in greater abundance in one variety than in the other, 
such information being desired for cultural solution studies dealing with 
insect susceptibility of plants, and in the preparation of solutions for cul- 
turing chinch bugs. 

Material and methods 


Most workers now seem agreed that the use of fresh plant tissue is essen- 
tial for study of the nitrogen fractions in plants, and this view has been 
adopted for our work. The Atlas and Milo plants were grown on a sandy 
soil in adjacent plots. The plants, which were grown at some distance from 
the laboratory, were cut at the surface of the ground and transported at 
once to the laboratory. Here they were immediately ground in a power 
meat grinder, and samples taken for fractiona.ion, solids, and total nitrogen. 
The total time which elapsed between cutting and sampling in no instance 
exceeded one hour, and was often somewhat less. Large samples of plants 
were secured, varying from many hundreds of plants when small, to at least 
fifteen for samplings later in the season. Plants were cut at 12:30 P.M. ex- 
cept for one sample cut at 10:00 a.m. The methods employed were modifi- 
cations of the procedure of DAvipson and SuHIveE which are adapted to cyano- 
genetic plants (2). 

Precautions were taken to prevent contamination by ammonia in the air, 

1 Published with the approval of the Director of the Oklahoma Agricultural Experi- 
ment Station. 
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and blanks were also run as checks on all determinations, to further elimi- 
nate this factor. 

CYANOGENETIC NITROGEN.—F ifty-gram samples of the ground tissue were 
placed in liter Erlenmeyer flasks containing 200 ml. of boiling water, and 
aerated for three hours; the HCN was collected in 5 per cent. NaOH and 
estimated by titration with silver nitrate. The samples were then filtered, 
and the residues transferred to large mortars and ground for ten minutes, 
then boiled and filtered. The grindings, boilings, and filtrations were re- 
peated until the combined extracts measured about 900 ml. The extracts 
were then heated to boiling, 1 to 2 ml. of 10 per cent. acetic acid added, and 
boiling continued for one minute. The extracts were again filtered and 
made up to one liter. Five-hundred-ml. aliquots of these extracts were ad- 
justed to pH of 5.5-6.0, 0.05 gm. of emulsin added, the samples heated to 
50° C., and aerated and titrated as before. The two values for cyanides 
were combined, and the results expressed as cyanogenetic nitrogen. 

SOLUBLE NITROGEN.—Aliquots of the filtered solutions were evaporated 
nearly to dryness in Kjeldahl flasks, and the nitrogen estimated by the Kjel- 
dahl-Gunning-Arnold method, modified to include the nitrogen of nitrates. 

AMMONIA NITROGEN.—The cyanide-free solutions were made just alkaline 
to phenolphthalein, and aerated into standard acid for three hours. 

AMIDE NITROGEN.—The ammonia-free extracts were neutralized, and 
enough H,SO, added to make 5 per cent. solutions. These were then re- 
fluxed for two-and-one-half hours, made alkaline, and the ammonia removed 
by aeration as before. 

HvuMIN NITROGEN.—The amide-free solutions were neutralized, and then 
filtered using suction. After thorough washing, the precipitates were trans- 
ferred to Kjeldahl! flasks, and nitrogen determined by the Kjeldahl-Gun- 
ning-Arnold method. The filtrates were diluted to one liter. 

BAsic NITROGEN.—One-hundred-ml. aliquots of the filtrates from the 
humin nitrogen determinations were acidified by the addition of 5 ml. of 
H.SO,, and 30 ml. of phosphotungstic acid precipitating solution. The 
samples were placed in a refrigerator for 24 hours, removed, filtered, and 
total nitrogen determined on the precipitates as in the humin fraction. 

AMINO NITROGEN.—Aliquots of 700 ml. of the humin nitrogen filtrate 
were concentrated to 200 ml., and alpha amino nitrogen estimated, using 
the micro Van Slyke apparatus. 

NITRATE NITROGEN.—Aliquots of 50 ml. were taken of the humin filtrates, 
diluted with 200 ml. of water, and nitrates estimated by the Devarda method. 

TOTAL NITROGEN.—The Kjeldahl-Gunning-Arnold procedure was used on 
10 gm. samples of the freshly ground tissues. 


Data and discussion 


The data collected are presented in table I and in figure 1. The age of 
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Fie. 1. Combined percentages of amino and basi¢ nitrogen. 





plants is expressed as days from planting, since the location of the field pre- 
cluded daily observations to note when the shoots emerged. Attention is 
called to the fact that during the early stages of growth, Milo plants were 
larger and more vigorous than Atlas plants, and that it was not until after 
the third sampling (46 days) that Atlas plants exceeded the Milo plants in 
size, although Milo is called a dwarf variety and Atlas a tall variety. 

SOLUBLE NITROGEN.—A major difference is noted here in that generally 
the soluble fraction in Milo increases as the plants age, while in Atlas this 
fraction fluctuates but little and at the last sampling reaches its lowest point. 
This is of interest, for it is the soluble fraction that would be expected to 
furnish the nitrogen available to the chinch bugs. 

Cyanide, ammonia, humin, and nitrate nitrogen percentages, while vary- 


ing some at specific dates and in total amounts, are all relatively low, and 


show the same general trends for both varieties. 
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Amide nitrogen is found more abundantly in Atlas plants; on the basis 
of the small amounts present, however, it is not considered significant. 

Basic nitrogen percentages are much larger than those of the previous 
soluble fractions considered, and here we find that the Milo percentages are 
consistently higher, although showing the same seasonal trend that is found 
in Atlas plants, 

Amino nitrogen percentages show by far the greatest varietal differences, 
and it is in this fraction, combined with the basic fraction (largely diamino 
acids) (4), that we see an explanation for the higher percentages of soluble 
nitrogen found in the Milo plants. This difference is more strikingly shown 
by referring to the graph, figure 1, where these two values for amino nitro- 
gen have been combined. This shows not only the much greater percentages 
found in Milo plants, but also some differences in seasonal trends. It is thus 
apparent that, disregarding some small individual variations, most of the 
differences in soluble nitrogen content can be accounted for by variations in 
the amino nitrogen content. 

Summary 


Field grown Dwarf Yellow Milo plants are shown to be higher in nitro- 
gen content than Atlas plants. 

Soluble nitrogen generally increases in the growing Milo plants and 
remains constant or decreases in the Atlas plants. 


Amide nitrogen is practically absent in growing milo plants. 


Most of the observed differences in soluble nitrogen content between the 
Dwarf Yellow Milo plants (chinch bug susceptible), and Atlas (resistant) 
ean be accounted for in the basic and alpha amino nitrogen fractions. 


OKLAHOMA AGRICULTURAL EXPERIMENT STATION, 
STILLWATER, OKLAHOMA 
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SOME EFFECTS OF STANNOUS SULPHATE AND STANNIC 
CHLORIDE ON SEVERAL HERBACEOUS PLANTS 


BARNEY BARNETT COHEN 


(WITH THREE FIGURES ) 


Introduction 


Until recently it was thought that boron, manganese, copper, zine (4), 
and iron (7) were the only essential trace elements necessary for plant 
growth. Investigators now believe that other elements also are essential. 
Younea (14) observed that additions of rare elements, including tin, stimu- 
lated the growth of timothy and algae. ARNoN (2) suggested that such 
elements as Mo, V, Ti, W, Cr, Cd, and Co are essential to maximum growth 
of lettuce and asparagus. MiIcHEELSs (9) reported that solutions of colloidal 
tin had a marked effect upon the early growth of wheat, oats, peas, and 
buekwheat. ALLISON, HunTER, and Bryan (1) noted slight favorable 
responses with additions of tin and other elements in sixty crop plants 
grown on the peat soils of the Florida everglades. In growing wheat, rye, 
maize, and tobaceo in water culture ScuHrope and Scuarrer (11) found 
that traces of tin chloride with other elements induced favorable responses. 

In the experiments reported here, stannous sulphate was added to nutri- 


ent solutions and observations were made of its effects upon corn and peas. 
The effects of varying concentrations of stannic chloride were observed for 
the sunflower only. 


Procedures 

Sunflowers, corn, and garden peas were grown in glazed pots, six plants 
to each pot. Quartz sand was used as the growth medium. The cultures 
were supplied with nutrient solutions twice daily, and flushed twice weekly 
with distilled water to prevent accumulation of salts in the sand. Solu- 
tions were prepared from half-molar stock solutions of caleium nitrate, 
dipotassium phosphate, and magnesium sulphate, purified as first suggested 
by Sternpere (12) with the modifications adopted by ARNON and Stour (3). 
Calcium carbonate (65 gm.) was added to 5 liters of stock solution, which 
was then autoclaved for 20 min. at 15 Ib. (120.5° C.). Nutrient solutions 
were made from the purified stocks by diluting 12 ml. of caleium nitrate, 
9 ml. of dipotassium phosphate, and 9 ml. magnesium sulphate with distilled 
water (copper still) to 1 liter. In addition to the trace elements, Cu, B, Mn, 
and Fe, tin in the form of stannous sulphate was supplied to the nutrient 
in concentrations of 0.2, 1, 


5, 20, and 100 p.p.m. In the sunflower tests, 
tin was added as stannic chloride in concentrations of 0.01, 0.05, 0.1, 0.5, 1, 
10, and 100 p.p.m. No attempt was made to purify the trace element solu- 
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tions since these were present only in minute quantities. Stock solutions 
were brought to pH 6.5; and to prevent contamination, glassware was 
cleaned with 25 per cent. HC. 

A method of detecting tin in distilled water was necessary because the 
distilled water used was carried in tin piping. The flame color test sug- 
gested by Meissner (6) and Frict (5) was used. To increase the sensi- 
tivity of the test, the test-water was reduced to one-half its volume by 
boiling. This concentrated sample was then acidified strongly with HCl, 
and a few pieces of zinc added. A test-tube containing cold water was used 
to stir this mixture; it was then placed in a nonluminous bunsen burner 
flame. In this test the blue mantle which forms around the test-tube in 
the presence of tin was absent, thus eliminating tin as a contaminant of the 
distilled water to one part in three million. Distilled water leached through 
the sand and recovered also failed to show the tin test. 

To detect the presence of bivalent tin in plant tissues, the spot test 
method suggested by Friat (5) was modified. Thin sections of plant stems 
were acidified in 20 per cent. HCl by dropping the acid upon a glass slide 
holding the sections. A drop of dilute ferric chloride, and after a few 
minutes, a crystal of tartaric acid were added. When the tartaric acid 
erystal had dissolved, a drop of dimethylglyoxime was used on the sections, 
followed by ammonia. A red coloration, developed in the presence of re- 
duced iron, indicates that stannous tin is present in the plant tissues. 
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Fig. 1. The effect of increasing concentrations of stannous sulphate on peas. 
1. Control t. 5 p.p.m. 


2. 0.2 parts per million 5. 20 p.p.m. 


3. 1.0 p.p.m. 6. 100 p.p.m. 
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Results 


Figure 1 shows the effect on peas of stannous sulphate in concentrations 


from 0.2 to 100 p.p.m. The control, which was without tin sulphate, was 
slightly taller than plants grown in 0.2 p.p.m., although the difference is not 
marked since the branches and leaves were similar. One interesting result 
was that plants supplied with 0.2 p.p.m. of stannous sulphate showed in- 
creased root growth. Concentrations from 1 to 100 p.p.m. caused toxicity 
symptoms. These were reduced growth of internodes, reduction in size of 
roots, reduction in number of roots, absence of flowers in concentrations 
above 20 p.p.m., and yellowing of the lower leaves. 

Figure 2 shows the effect of stannous sulphate on corn. The control, 
0.2 p.p.m., and 1 p.p.m. plants were similar in structure, although the one 
receiving 1 p.p.m. appeared to be more vigorous. Other effects noted were 
a deeper chlorophyll green, and increased height. The plants which had 
received 0.2 and 1 p.p.m. of stannous sulphate (2 and 3, fig. 2) showed an 
increase in root growth. Greater concentrations (5, 20, and 100 p.p.m.) 
caused stunting and chlorosis, especially a yellowing of the lower leaves. 


The effect of stanous sulphate on corn. 
. Control 4. 5 p.p.m. 
. 0.2 parts per million 5. 20 p.p.m. 
3. 1.0 p.p.m. 6. 100 p.p.m. 


Figure 3 illustrates the effect of stannic chloride on the sunflower. The 
results with low concentrations (0.01, 0.05, and 0.1 p.p.m.) show that stannic 
chloride has a pronounced effect upon the growth of the sunflower. It is 
particularly effective on the roots, which were about twice the size of those 
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of the control. With additions of tin chloride above 1.0 p.p.m., stunting 
and reduced growth of leaves, internodes, and roots were observed. In con- 
centrations of 100 p.p.m. sunflower was unable to reach a height of more 
than 12 in. 





Fig. 3. The effect of stannic chloride in concentrations from 0.01 to 100 p.p.m. on 
the sunflower. 


1. Control 5. 0.5 p.p.m. 

2. 0.01 parts per million 6. 1 p.p.m. 

3. 0.05 p.p.m. 7. 10 p.p.m. 

4. 0.1 p.p.m. 8. 100 p.p.m. 
Discussion 


From the results obtained with trace concentrations of tin sulphate, it 
appears that its effects are limited to slight increases in the root growth of 
corn and pea. It also appears that corn and pea react specifically to this 
compound. In the corn plant 1 p.p.m. of stannous sulphate caused no un- 
favorable nor abnormal growth responses, while in the pea plant there was 
a decrease in the size, number of roots, and a stunting or top growth with 
this concentration. In concentrations of 100 p.p.m. the pea plant was barely 
able to exist; while corn, although stunted, was about the same size as the 
corn plants grown in much lower concentrations. As there are two nutrient 
ions to be considered, the slight stimulative effect on root growth might be 
caused by an increase in the concentration of the sulphate ion, but the added 
concentration in some cases is very small in proportion to the sulphate ion 
already present in the solution. The responses to high concentrations of 
stannous sulphate indicate the possibility that both sulphate and tin ions 


may cause changes in growth. It should be noted that in the higher con- 
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centrations there was a tendency toward precipitation of the tin salt. In the 
sunflower, trace additions of tin chloride caused striking changes in root 
growth, to about twice the size of the controls. The lack of marked favor- 
able responses in root growth with additions of stannous sulphate to pea and 
corn may indicate that in some way the sulphate ion modifies the effective- 
ness of the tin ion, or that the plants are less sensitive to tin than sunflowers, 
or it may be that the chlorine ion in the presence of tin stimulates root 
development of the sunflower. Since it has been discovered very recently 
that tin increases the growth rate of certain aquatic animals, it seems more 
probable that the tin ion in very low concentrations is stimulatory to root 
growth. TorTTincHaM (13) has reported some investigations with sodium 
and chlorine in which he found increased root development in the sunflower 
plant. He suggests that chlorine may function in some plants as a nutrient. 
This possibility must be kept in mind in interpreting the response of sun- 
flowers to stannic chloride. 
Conclusions 


1. A method for the detection of bivalent tin in plant tissues has been 
devised. 

2. In the sunflower, 0.01 and 0.05 p.p.m. of tin as tin chloride stimulates 
root growth. 

3. Concentrations of tin, either as chloride or sulphate, in concentrations 
of 5 or more p.p.m. have toxic effects upon corn, pea, and sunflower. 


The writer expresses his appreciation to Dr. C. A. SHuuu for suggestions 
made in connection with this study. 
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THE LITHIUM METHOD OF MEASURING THE EXTENT OF CORN 
ROOT SYSTEMS 
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Introduction 










Investigations of the root systems of corn plants which involve manually 
tracing the extent of individual roots are tedious and expensive. During 
the past 5 years a method of measuring the extent and distribution of corn 
roots through their absorption of lithium chloride has been under investi- 
gation. The method involves the placing of small quantities of the lithium 
salt in the soil at marked locations between the rows of corn and then spec- 
trographically testing the tissue of nearby plants for the presence of 
lithium. 

Lithium is not a normal constituent of soils except in rare instances. It 
is not toxic to the plants and is readily absorbed and accumulated in the 
plant in quantities which can be detected by a spectroscope. Very dilute 
concentrations may be identified spectroscopically, and no other element 
gives a line at 6708 A. Its similarity in chemical properties to sodium and 
potassium probably accounts for its ease of absorption and accumulation 
in the plant, since these two elements are almost universally present in 















plant tissues. 
The extreme simplicity of the method makes it useful in certain kinds 
of root investigations. It is recognized, however, that the method may be 







somewhat restricted in application. 






Experimental procedure 


The procedure of laying out the plots and conducting the experiments 
has varied from year to year. For most of the experiments the corn plants 





were spaced 14 inches apart in rows 42 inches apart, but in some tests the 
plants were planted in hills, in circles, or in spirals. In the spirals, the 
plants were spaced 14 inches apart on a line formed by unwinding a cord 
from a stationary drum 22 inches in diameter. These different arrange- 
ments were used to obtain uniform spacing of the plants at definite dis- 
tances from the lithium spot. The lithium was placed midway between the 









rows or at the center of the spirals. 

The lithium applications in most of the tests were made about the middle 
of July after the cultivations that might disturb them had been completed, 
and at the rate of approximately 2 grams of lithium chloride to 1,000 grams 







1 Department of Agronomy, Ohio Agricultural Experiment Station, and the Division 
of Cereal Crops and Diseases, Bureau of Plant Industry, U. 8S. Department of Agricul- 
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of soil. This was about the exchange capacity of the soil. <A core of soil 
first was removed from each point of lithium application to a depth of 18 
inches with a 4inch post auger. The lithium chloride was dissolved in a 
small amount of water, sprinkled on the removed soil and thoroughly mixed 
with it. The treated soil then was returned to the hole and carefully packed 
to about the same consistency as before. 

Each lithium spot was marked carefully. About September first all 
nearby plants were collected, their distance from the lithium spot was mea- 
sured, and they were tested for the presence of the element. The test con- 
sisted of burning a small piece of tissue removed from one of the lower 
nodal plates in a Bunsen flame in front of a spectroscope. The presence of 
lithium was detected by a spectral line at 6708 A. If the plant tissue 
contained lithium, the roots of that plant must have penetrated the core of 
lithinm-treated soil and absorbed some of the salt. A negative test indi- 
ated that the roots had not extended to the lithium spot, or, if so, had failed 
to absorb the salt and transport it to the culm. As lithium is so easily ab- 
sorbed by the plant and its detection in such small quantities is possible in 
the spectroscope, plants giving negative tests were considered as having no 
roots entering the lithium core. The results were recorded only as positive 
or negative, indicating the presence or absence of the element. No at- 
tempts were made to estimate the density of the roots in the lithium spot by 
measuring the quantity of lithium absorbed by the plant. 

At the end of the season a 6-inch core of soil was removed from each 
lithium spot to ensure as complete removal of the material as possible. A 
series of spectroscopic tests showed that the lithium had not moved from 
the spot where it was placed. It enters into the base exchange complex of 
the soil and does not move with the soil water. 


Experimental results 


In 1932, preliminary tests showed that the method would work and 
lateral root extensions of more than 30 inches were found. The 1933 tests 
indieated about 2 grams of lithium chloride to 1,000 grams of soil as a 
proper amount to use. The 1934 experiments indicated a need for modify- 
ing the spacing of the plants in the row. With the plants spaced 14 inches 
apart in the row, few occurred at distances between 28 to 35 inches from 
the lithium source. As this distance is about the maximum root extension 
of many of the plants under the conditions obtaming at Wooster, more 
plants were needed in this interval for a good estimate of maximum exten- 
sion. In 1935 and 1936 the plants were arranged in spirals around the 
lithium spots in order to locate them at more uniform intervals of space 
from the spot. Many other tests were conducted during these vears, but 
not all of them ean be discussed here. 
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All of the data obtained in experiments involving single crosses and a 
lithium coneentration of 2 grams of lithium chloride to 1,000 grams of soil 
have been summarized in table I. This table shows the distance from the 
plants to the lithium and the number of plants at each distance yielding 
positive or negative tests. The totals for the 4 years also are expressed on 
a percentage basis. All plants 40 em., or 15.7 inches, from the lithium spot 
contained lithium, indicating their roots had penetrated the lithium core. 
No plants located as much as 110 em., or 43.3 inches, from the lithium core 
contained lithium, and on the basis of this test the lateral extension of their 
roots is assumed to be less than this distance. Half the plants had roots 60 
to 69 em., or about 27 inches, in length. 

The distances indicated by the method are not as great as would be 
expected from some results reported by others who actually dug the plants. 
Perhaps these results represent the extent of the mineral absorptive capacity 
of the corn plant rather than the maximum extension of roots. Fertilizer 
placement studies with corn indicate that the greatest mineral absorption 
occurs very near the plant. Cultural practices in much of the Corn Belt 
have shown that three plants to the hill with the hills space about 34 feet 
each way, or equivalent stands drilled in rows 3} feet apart, produce the 
largest yields of corn. These results seem to indicate that corn roots extend 
somewhat more than half the distance between rows. It is possible that 
root competition limits their extent laterally. 

No tests were conducted on the maximum depth to which the root sys- 
tems extended because of the shallow nature of the soils at Wooster, which 
have a tight clay subsoil at about 18 inches and a layer of shale at 25 to 3 
feet. 
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BRIEF PAPERS 


MONTHLY ABSORPTION OF NUTRIENTS FROM THE SOIL 
BY THE PERFECTION PIMIENTO PLANT! 





m. L. COORBAN AND LL. C. OLSON 


(WITH ONE FIGURE) 


Studies on the absorption of nutrients from the soil by the Perfection 
pimiento plant were begun at the Georgia Agricultural Experiment Station 
in the Spring of 1939. Information of this nature is desirable because a 
knowledge of the kind and amount of nutrient absorbed at intervals through- 
out the growing season gives a better understanding of the fertilizer required 
for a more successful cultural program. 

The soil on which the pimientos used in this work were grown is Cecil 
sandy clay loam. This is one of the most important soil types in the Pied- 
mont section of Georgia, and pimiento culture is largely confined to this or a 
closely related soil type. The mean monthly rainfall for the 1939 growing 
season at Experiment, Georgia, where the experimental plats were located 
was 4.02 inches, and the mean temperature for the same period was 73.4° 
F. 

The pimientos used in this study were fertilized at the rate of 600 pounds 
per acre with a mixed fertilizer analyzing 8 per cent. nitrogen, 8 per cent. 
phosphorie acid, and 6 per cent. potash. This fertilizer was applied in the 
row and mixed well with the soil several days before the plants were set out. 
At 30-day intervals, after transplanting, plants were cut off just above the 
soil line, dried at 75° C., and ground for chemical analysis. After the first 
month, the buds and fruits were separated from the plants for the analysis. 
In collecting the samples, care was taken to select uniform plants. 

The results of the absorption of nutrients, calculated on an acre basis of 
4,149 plants, are shown graphically in figure 1. At the end of the first month 
in the field, the entire acre of pimientos absorbed from the soil less than one- 
half pound of nitrogen and phosphoric acid, and even smaller amounts of 
potash, calcium, and magnesium. The absorption of nutrients during the 
second month was small, but there was an increase over the absorption for 
the first month. The largest quantity of all nutrients was absorbed during 
the third month. These findings are well in agreement with those of HEsTER 

(2) for the tomato plant and those of Carotus (1) for the Irish potato. 
After the third month, there was a gradual decline in absorption. Larger 
quantities of nitrogen were absorbed than of any other nutrient. Calcium, 
potassium, magnesium, and phosphorus followed in this respective order as 
to quantity absorbed. Although phosphorus was absorbed the least of any, 
1 Published with the approval of the Director of the Georgia Agricultural Experiment 


Station as Journal Series Paper no. 73. 
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Fig. 1. The absorption nutrients by the Perfection pimiento plant at 30-day intervals 
during the growing season. 


it is possible that rather large quantities should be included in the fertilizer 
mixture because of the rather high phosphate-fixing capacity of some of the 
pimiento soils, which makes some of the phosphate unavailable to the growing 
plant. 

From the work completed thus far, it appears that ample plant nutrients 
should be made available to the pimiento plant, especially during the latter 
part of the second and throughout the third month after being set in the 
field. This may best be accomplished by placing most of the fertilizer under 
the plants a few days before setting and the balance as a sidedressing during 
late June. The second application should, perhaps, be supplemented with 
some extra nitrogen and potash. 

DEPARTMENTS OF HORTICULTURE AND AGRONOMY 

GEORGIA AGRICULTURAL EXPERIMENT STATION 
EXPERIMENT, GEORGIA 
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NOTES 


Seventeenth Annual Meeting.—Plans for the seventeenth annual meet- 
ing of the American Society of Plant Physiologists at Philadelphia in 
December, 1940, are well advanced. The meetings begin so late in the 
month that the first three days of the week, Monday to Wednesday, Decem- 
ber 30, 1940, to January 1, 1941, have been chosen for the sessions. On 
Monday morning there is a symposium on Protoplasm; during the after- 
noon, there will be a joint session with Section G, A.A.A.S., and a parallel 
session for the reading of papers. This arrangement is made necessary by 
the large number of papers to be accommodated with time. On Tuesday 
morning, December 31, there is a joint session with the Phytopathological 
Society of America, and a parallel session for the presentation of contribu- 
tions. In the afternoon, a symposium on Plant Nutrition is scheduled; this 
will be a joint meeting with the American Society for Horticultural Science. 
On Wednesday, January 1, 1941, there will be sessions, morning and after- 
noon, for reading of contributions. These will be divided into two groups 
for simultaneous meetings if necessary. 

The headquarters will be at the Hotel Benjamin Franklin. The annual 
dinner, at which the award of the CHARLES Remp Barnes life membership 
and the STEPHEN HALEs award will be announced, has been set for Monday 
evening. Members and friends are urged to arrive early, and secure dinner 
tickets at once, in order that places may be reserved for the large number 
of attendants who will want to be present at these notable ceremonies. Dr. 
JOHN W. SHIveE will deliver the sixth STEPHEN HALEs address at this time. 


The details as to the place of the annual dinner are uncertain, but it is hoped 
that the Athletic Club may be able to accommodate us with sufficient room. 


The program committee is to be congratulated on having its plans so well 
matured at this early date. There is every reason to expect a very large 
gathering, and members are advised to make early reservations; otherwise 
it may be difficult to secure hotel accommodations conveniently close to the 
meeting places. 


Western Section.—The Western Section of the A.S.P.P. held its annual 
meeting at Seattle, with the summer meeting of the A.A.A\S., June 18-22, 
1940. One of the outstanding features of this meeting was the symposium 
on Photosynthesis, which was conducted by Dr. H. A. Spornr, of the Car- 
negie Institution of Washington, D.C. Summarized briefly, this symposium 
included the following reports: Hans GAFFrRON pointed out that, under cer- 
tain conditions, oxygen is not liberated, but is used for the oxidation of 
organic hydrogen donors during photosynthesis. Rosperr Emerson showed 
that the quantum number of the photosynthetic process is not 4, but approxi- 


TOT 








768 PLANT PHYSIOLOGY 


mately 10. Winston M. MANniNG reported evidence that in diatoms caro- 
tenoids, in addition to chlorophylls, may be active in absorbing light energy 
for the photosynthetic processes. S. RuBEN reported experiments which 
indicated that plants reduce CO, in the dark by combining it with a large 
molecule of an as yet unidentified structure. E. D. McA.ister showed the 
intimate relations between fluorescence and photosynthesis. WuLLIAM 
ARNOLD showed that many chlorophyll molecules must be present in order 
to insure the photosynthetic process, although one individual molecule might 
do the work. Finally, C. B. van Niet summarized the modern work on 
photosynthesis by presenting a scheme of the process. In this scheme CO, 
is reduced in the dark, and the H.O (H.A) is oxidized in the light. 

In addition to this extremely valuable symposium, there was one on 
Aquatic Botany, at which Dr. Grorce B. Rice presided. GrLBert M. SMITH 
discussed the temperature of water in relation to the presence or absence of 
certain algae. JOHN Raper presented evidence of the presence of sexual 
hormones in both algae and water molds. G. H. HoLLENBERG reported on 
the relative abundance of marine algae in relation to the presence of diatoms. 
LyMAN D. PuHIrer discussed the distribution of marine diatoms; and J. VAN 
OVERBEEK showed that auxins are present in all marine algae investigated, 
and that traumatic acid and thiamin are growth factors for unicellular green 
algae. Dan BONNELL discussed the inter-relations of plant and animal life 
in certain fresh water lakes. 

A third symposium dealt with the problems of Phosphate Nutrition. Dr. 
H. D. CHAPMAN was the leader of this symposium. Prrry R. Stout illus- 
trated by means of models how the phosphate is fixed on kaolinite and 
bentonite. ORLIN BippuLPH showed how radio-active phosphorus ‘‘cireu- 
lates’’ in the plant. The soil-plant relationships were discussed by W. T. 
McGEorce. 

There were two half-day programs for short papers. Noteworthy among 
these were the following: J. B. BIALE reported that fungi produce emana- 
tions which affect the respiration of lemons; W. O. WiL.LIAMs discussed sugar 
in tracheids; L. A. Hout showed that formie acid is not formed by yeast 
fermentation; Ropert H. WILLIAMs gave an account of the reserve carbo- 
hydrates of algae; and Roperr H. Tscuupy reported studies on the control 
of growths on ship bottoms. 

A trip to the oceanographic laboratories at Friday Harbor at the close 
of the meeting was very instructive, and from the number in attendanee, it 


must be rated a great success. The total attendance at the meetings as a 
whole was estimated at about 100. At the annual dinner of the Western 
Section on Thursday evening, June 21, officers were announced for 1941 as 
follows: Chairman, A. S. Crarts, the University of California; vice-chair- 
man, FRANK M. Eaton, Rubidoux Laboratory, Riverside, California; secre- 
tary, J. VAN OVERBEEK. 
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Eighth American Scientific Congress.—The Eighth American Scientific 
Congress was held at Washington, D. C., in May, 1940. Its purposes were 
mainly to afford opportunities of friendly social contact between North and 
South American scientists, and to extend and consolidate the sense of unity 
and friendship existing between all of the American republics. Science, 
particularly, is friendly beyond the boundaries of nations. A number of 
papers on physiology and plant physiology were presented at the Congress, 
including the following: Permeability in the nuclear membrane evidenced 
by intranuclear colloidal changes, by Wiuu1aAm R. DuryYEE; The nature of 
living cells as revealed by micro-operations, by Ropert CHAMBERS; What 
the study of green plants has taught us concerning a probable mechanism 
of photosynthesis, by O. L. Inman; Plant tissue cultures. A new technique 
in experimental science, by PuHitie R. Wurre; and Vitamins as growth sub- 
stances for plants, by Witu1am J. Ropprns. The contributions by our South 
American friends fell mainly in the fields of general botany, agriculture, 
and conservation. 

The Congress was ably handled, and served its purposes admirably. 
The American Society of Plant Physiologists was represented at the Con- 
gress by Dr. CHARLEs 0. APPLEMAN, Professor of Plant Physiology and 
Dean of the Graduate School, at the University of Maryland. 


Life Membership Committee.—The seventeenth award of the CHARLES 
Rew Barnes life membership will be made at Philadelphia, the announce- 
ment being a part of the festivities of the annual dinner. President FRANK 
P. CULLINAN has named the committee which is to have the privilege of 
selecting the recipient of the award. The membership of the committee is 
as follows: Chairman, Dr. H. R. Kraysimn, Purdue University; Dr. C. J. 
Lyon, Dartmouth College; Dr. PAunt J. Kramer, Duke University; Dr. F. 
H. Stemnmetz, The University of Maine; and Dr. W. E. TortrnaHam, The 
University of Wisconsin. 


Finances.—At the beginning of the year 1940 it seemed that the Ameri- 


ean Society of Plant Physiologists might be facing a very trying year 
because of the widespread economic disturbance throughout the world. 
Thanks to the efforts of our secretary, Dr. W. E. Loomis, and great num- 
bers of American plant physiologists who understood the situation and acted 


upon their knowledge, we have come through the year in sound, solvent con- 
dition. Every society that undertakes to publish a scientific journal is at 
the mercy of its income. Few of our societies devoted to science have ade- 
quate financial reserves and endowments to assist them in times of crisis. 
The American Society of Plant Physiologists has tried consistently to build 
for the future, as well as to take care of the present. Many individuals have 
contributed thought, service, and money in order that we might grow toward 
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independence. The purchase of life memberships, and patronage have 
aided much; in addition the Society has set up machinery which has a 
tendency to strengthen our hands, and to provide a part of the overhead 
which is unavoidable in our existence. 

Earlier in the year a report was promised on the endowments of the 
Society, as of the close of the 1939-40 fiscal year. These funds are listed 
as to principal, and available funds, at face value as follows: 

Barnes Life Membership Endowment Fund, Principal, $3000.00 
Available, 52.30 





STEPHEN Hautes Endowment Fund, Principal, 2000.00 

Available, 144.93 
Life Membership, and General Endowment, Principal, 3723.81 
Total Endowments, $8921.04 


In addition to these funds there is a reserve, containing securities of un- 
known value. These have a face value of $1000.00, but represent reorgani- 
zation properties, and cannot be given any definite value at present. If 
these were sound bonds, the endowments would be approaching a value of 
$10,000.00, obtained over a period of 15 years. May we not hope that an 
increasing number of our members may be challenged by these figures into 
joining with those who have given generously in the past? Gifts of any 
size are welcome ; and one may become a life member or a patron at any time. 
There are seven patrons; there should be several times this number. And 
no better investment can be made by a young man than a life membership. 
In 20 vears one pays the same amount in dues, and there is no gain to the 
Society’s permanent funds. In 40 years, from age 25 to 65, the dues are 
double a life membership; and in addition to 100 per cent. interest to the 
individual, the Society finally has an increase in its permanent funds. 
There is also some satisfaction in feeling that one has contributed toward 
the permanent welfare of science. The treasurer will appreciate any con- 
tribution that may be made toward the building of permanency for the 
American Society of Plant Physiologists. 


Errata.—A few errors in volume 14 of PLANT PiysioLogy have been 
reported by authors. We appreciate the cooperation of those whose papers 
appear in the journal, and urge all to proofread and send in reports of 
errors observed. Please note the following: 


Page 311, formula, for ‘‘Vg,’’ read V,, and for ‘‘a’’ read aq. 
Page 643, line 5 from bottom, for ‘‘weks’’ read weeks. 
Page 645, citation 1, for ‘‘1037’’ read 1937. 


Page 688, line 16, for ‘‘ figure 3, curve d’’ read figure 2, curve D. 


Hormone Information.—A mimeographed report, comparing the suit- 
ability of United States grown oats for the Avena test, has been prepared 
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by J. VAN OVERBEEK, California Institute of Technology, Pasadena, Califor- 
nia. All Experiment Stations engaged in oat breeding were requested to 
send samples of oats for comparative tests. Victory oat, and Markton, 
proved to be most valuable for the auxin determination. Nearly 40 tests 
are reported, arranged in descending order of sensitivity. This valuable 
report may be obtained from the California Institute of Technology on 
request. It will aid much in the standardization of technique of making 
quantitative auxin measurements. Address requests to Dr. VAN OVERBEEK. 


Naturalist’s Directory.—The 32nd biennial edition of The Naturalist’s 
Directory will be published in September, 1940. This directory contains 
the names, addresses, and special subjects of interest of naturalists in all 
parts of North and South America, as well as a list of periodicals and Natural 
History museums. The price of the directory is $2.50, and it is published 
by The Naturalist’s Directory, Salem, Massachusetts. 


Plantation Crops.—Technical Communication no. 13, of the Imperial 
Bureau of Horticulture and Plantation Crops, East Malling Research 
Station, near Maidstone, Kent, England, bears the title Vegetative Propa- 
gation of Tropical and Subtropical Plantation Crops. It has been compiled 
by G. Str. Cuatr Fempen and R. J. Garner. It deals with the vegetative 
propagation of some 55 plantation crops. Major crops, such as rubber, cof- 
fee, cacao, ete., have received the attention of technical experts, and the 
foreign literature has been thoroughly combed for details of propagation of 
less familiar crops. One most valuable feature is the section devoted to 


methods used in vegetative propagation. The descriptions are supported 


by simple, clear, line drawings of some 17 types of graft, and 7 types of 
budding commonly used in vegetative propagation. Tropical workers will 
be interested in the illustrated account of the construction of loosely woven 
potting baskets which have been found useful as a substitute for pots in 
tropical nursery work. References to the original literature immediately 
follows the discussion of the propagation of each particular crop. 

This valuable bulletin is priced at 3 shillings 6 pence. Orders may be 
addressed to the Imperial Bureau, East Malling, Kent, England. 


French-English Dictionary.—A vear ago we had the privilege of an- 
nouncing a dictionary of German scientific terms by Louis DeVries, of the 
lowa State College. We now are happy to announce that a companion 
volume, French-English Science Dictionary, by the same author, has just 
been published by the McGraw-Hill Book Co. It is an excellent volume 
for students and professors who have to read English scientific literature, 
or who must prepare for the modern language requirements associated with 


higher degrees. It makes no pretenses to completeness, but the vocabulary 
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is well-chosen, and covers the ground in a most satisfactory way. If stu- 
dents in reading meet words which they cannot find in the dictionary, the 
author requests that such words be sent to him for possible inclusion in 
future editions. The author and publishers deserve great commendation 
for the service they have rendered. The book should receive a wide and 
enthusiastic reception. It is an excellent desk companion, and its possession 
will certainly encourage more general reading of French scientifie litera- 
ture. The list price is $3.50. 


Botany.—The third edition of HOLMAN and Rossins, Elements of Botany, 
has been published by John Wiley and Sons, New York. The main changes 
concern the recent advances in plant physiology, growth substances, culture 
solutions, erosion physiology, photoperiodic control of blooming, artificial 
pollination, self sterility, efficiency of photosynthesis, disease and weed con- 
trol, economic value of plant products, and induction of chromosome changes. 
The quoted price is $2.75 per copy. 
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